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A KEW i\IODE OF ENZYIMATIC PHOSPHATE TRANSFER* 

Br BERNARD AXELROD 

{From the Enzyme Research Laboratory, Bureau of Agricultural and Industrial 
Chemistry, Agricultural Research Administration, United States 
Department of Agriculture, Albany, California) 

(Received for publication, August 4, 1947) 

Organic phosphate compounds are mvolved in so many biological proc- 
esses that any enzjmiatic reactions which promote phosphate transfer are 
of direct mterest It is generally regarded, as pomted out by Green and 
Colowick (1) in their review of the chemistry and metabolism of the com- 
pounds of phosphorus, that vs hen phosphate transfer takes place inter- 
molecularly the participation of adenme nucleotides is essential The 
present paper desenbes an mtermolecular phosphate transfer m which 
adenme nucleotides are apparently not required 

EXPERIMENTAL 

Phosphatases actmg upon susceptible monophosphate esters have been 
regarded as settmg free equivalent amounts of orthophosphate and hydroxy 
compound However, it has now' been found that, w'hen some phosphatase 
preparations of w'ldely differing ongms act on nitrophenyl phosphate m the 
presence of certain alcohols, the expected equivalence is not observed, but 
the orthophosphate is m deficit This results from the phosphorylation of 
the added alcohol concurrent w ith the breakdowm of the mtrophenyl phos- 
phate Phenolphthalem phosphate or phenyl phosphate can qualitatively 
replace mtrophenyl phosphate m this reaction Thus in the case of the 
phosphatase preparations m question, m addition to the simple hydrolysis 
of a number of “low energy phosphates,” a reaction also occurs that may be 
accurately described as transphosphorylation Arguments for and against 
the existence of a transphosphorylatmg enzyme as separate from the phos- 
phatase will be review ed later, but the evidence is so far inconcluswe 

Method — The substrates were prepared and the analyses performed, 
unless otherwise noted, as described in a previous paper on citrus phos- 
phatase (2) 

Phosphate Acceptors — In Table I may be found some roughly comparable 
values of the efficacies of a v'anety of hydroxy compounds found suitable 
as phosphate acceptors The follow ing compounds gave negativ e results 
<-butyl alcohol, ethanolamme, lactic acid, malic acid, citric acid, serme, 
pantothenic acid, ethyl acetoacetate, mositol, ribose, glucose, sucrose, 

* Enzyme Research Laboratory Contribution No lOS 
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ENZTMA-TIC PHOSPHATE TRANSFER 


a-methylglucoside, ascorbic acid, and chloial The eflBciency of phosphate 
fcransfei is expressed in the last column of Table I and elseivheie in the papei 
in molai percentage and is defined in practical teims as 

(Molar concentration nitrophenol liberated) — (molar concentration phosjiliate 

liberated) 

Molar concentration nitrophenol liberated 

Table I 

Enzymatic Transfer of Phosphate from p-N ilrophenyl Phosphate to Various Acceptors 


Equal units of enz3'nie were used in the experiments with the unsubstituted mono- 
hj^droxy compounds, the enzyme concentration was vaned in the othei experiments 


Acceptor 

Concentration of 
acceptor, quantity 
per ml reaction 
miature 

Concentra 
tion of p 
nitrophenyl 
phosphate, 
per ml 
reaction 
mixture 

Reaction 

time 

Nitrophenol 
liberated, 
per ml 
reaction 
mixture 

Phosphate 
transferred 
as molar 
per cent p 
nitrophenyl 
phosphate 
hydrolyzed* 

n Propyl alcohol 

71 micwhteis 

ms 

0 60 

mtn 

49 5 

T 

12S 

60 

i -Propyl " 

71 

0 60 

49 5 

111 

31 

n-Butjl “ 

71 

0 60 

49 5 

111 

59 

i-But)l 

71 

0 60 

49 5 

98 

49 

s-But)l “ 

71 

0 CO 

49 6 

103 

36 

Allyl 

36 

0 60 

48 

130 

59 

Nitroethanol 

63 “ 

0 52 

C6 5 

171 

34 

Ethylene chlorohydnn 

100 “ 

0 42 

34 

57 

70 

Propylene gb'col 

71 “ 

0 60 

15 

124 

70 

Ethyl lactate 

63 

0 52 

66 5 

93 

16 

Gljmerol 

71 mg 

0 60 

89 

95 

28 

Er 3 thntol 

36 ” 

0 60 

48 

94 

17 

hlannitol 

30 “ 

0 60 

48 

86 

20 


Reaction conditions, temperature 37 5°, pH 5 0, usually 0 024 m acetate bulTer, 
acceptois adjusted to pH 5 0 iihcre necessary Navol orange juice phosphatase 
similar to Preparation D (2) a as used in all cases, except the propylene glycol 
experiment in iihich a sinulai preparation from Valencia orange juice ivas employed 
* Phosphate transfers of 0 per cent or less are regarded as zero 

If an) genet al conclusions may be draun from these expeiiments, they are 
as follows primal) alcohols aie supeiioi to secondaiy alcohols, and teitiary 
alcoliols are unsuitable The piesence in the alcohol of an ammo or cai- 
bo\3l gioup, 01 both, dcstioys its ability to act as an acceptoi Polyhy- 
di OX) alcohols aie suitable if spatial conditions are light, if u e judge by the 
success with the straight chain compounds and the failure with inositol 
Carbolu drates are unsuited 

An attempt to produce codecaibovylaso from pyndoxal by transplios- 
phorxlation under conditions similar to those used for propyl alcohol, as 
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slioRTi m Table I, was not successful Codecarboxylase was tested for by 
the tyrosine decarboxylase method of TJmbreit, Bellamj'’, and Gunsalus (3) 
A restmg preparation of Streptococcus faecahs R grown on a vitamin Be- 
deficient medium served as the apoen 2 yme Either phosphorylation did 
not occur or it occurred m the wrong position m the pyridoxal molecule 
A similar attempt was made to phosphorylate thiamine Although it 
i\ as hardly to be expected that the pj’-rophosphate ould be formed by the 
phosphate transfer reaction, the resulting digest was tested for cocarbox- 
ylase activity It did not promote pyruvic acid decarboxylation by 
alkalme-iv ashed yeast, nor did it affect the rate of carbon dioxide production 
Avhen thiamine pyrophosphate was present To mvestigate the possibihty 
that the monophosphate was formed, a portion of the digest was treated 
V ith sufficient alkalme ferricyamde to convert the thiamme and thiamine 
phosphate, if present, to the conespondmg thiochrome derivatives Re- 
peated extraction was earned out v ith butyl alcohol to separate the thio- 
chrome from the thiochrome monophosphate Fluorophotometnc ex- 
amination of the residual aqueous solutions showed that only insignificant 
amounts of the thiamine monophosphate could have been present 
Effect of pH on Transfer Reaction — ^Figs 1 and 2 show the effect of pH 
variation with p-mtrophenyl phosphate as a donor and with n-propanol 
and methanol, respectively, as acceptors The ratio of moles of phosphate 
transferred (to the alcohol) to moles of mtrophenol formed (from nitro- 
phenyl phosphate) is obviously a measure of the extent of transphosphorjda- 
tion as related to total decomposition of the mtrophenyl phosphate This 
ratio increased continuously with decreasmg pH, but the absolute quantity 
of phosphate transferred passed through a pH optimum This optimum 
pH seemed to be close to that for the liberation of mtrophenol, but differed 
from the optimum observed for the liberation of inorganic phosphate 
Fig 3 shows the hydrolysis of monomethyl phosphate by the same 
enzyme preparation used m the two foregoing experiments (Figs 1 and 2) 
In this case also the quantity of phosphate liberated was reduced by the 
presence of methanol, but the optimum pH of the reaction was not changed ^ 
Effect of Acceptor Concentration — ^Increasmg tbe concentration of meth- 
anol resulted in an increase m both the transfer ratio and the absolute 
amount of phosphate fixed up to the point where the alcohol began to 
depress the cleavage of the mtrophenyl phosphate (Fig 4) 

Acceleration of Substrate Cleavage Due to Acceptor — Concurrent v ith the 

' The accumulation of methyl phosphate is a logical consequence because mtro- 
phenyl phosphate in the usual assay concentration is digested at 6 9 times the rate of 
methyl phosphate at an equivalent concentration It should be noted that this con- 
centration of methyl phosphate is considerably below the level necessary for the 
maximum velocity of hydrolysis by phosphatase 




pH 


Fig 1 "Phosphotransferase” action with propanol, as a function of pH Reac- 
tion mixture, 1 ml of buffer, 5 ml of water, 5 mg of disodium nitrophenyl phosphate, 
0 5 ml of n-propanol, and 2 ml of enzyme (dilution of navel orange juice phosphatase 
Preparation D) Digestion, 74 minutes at 37 5°, acetate-veronal-HCl buffer pre- 
pared according to Michaelis (4), except that the sodium chloride solution was 
omitted 



pH 


Fio 2 "Phosphotransferase” action with methanol, as a function of pH Reac- 
tion mixture 1 ml of buffer, 5 ml ofuater, 5mg of disodium nitrophenyl phosphate, 
1 ml of methanol, and 1 ml of the same dilution of enzyme as was used in the experi- 
ment shown in Fig 1 The same buffer system and digestion conditions were also 
employed 


4 
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phosphate transfer occurring when the acceptor was added to the reaction 
mixture, there was an acceleration of the cleavage of the donor This effect 
IS seen in Fig 4, which shon s a maximum of 47 per cent increase m hydroly- 
sis caused by the presence of the accepting alcohol When phenolphthalem 
phosphate or phenyl phosphate was used as the donor, this acceleration 
was also noted The results m ith phenolphthalem phosphate and ethanol 
are shown m Table II by way of furthei illustration Evidence for the 
acceleratmg effect of the alcohol was obtained in virtually all of the experi- 



Fia 3 pH hydrolysis curve of methyl phosphate by the citrus enzyme in the ab- 
sence and presence of methanol The activity was measured by determining liber- 
ated phosphate (The relative activity of 100 per cent corresponds to liberation of 
42 5 7 of P per tube ) Reaction mixture, 2 5 ml of 0 0056 m monomethyl phosphate 
solution, 0 5 ml of buffer, 0 5 ml of methanol or water, and 1 ml of enzyme The 
same enzyme and buffer system used in the experiment shown in Fig 1 were employed 
here Digestion, 90 minutes at 37 5° 

ments m which much transfer occurred, although m some cases of httle 
transfer (for mstance with added glycerol) acceleration v as not noted It is 

obvious that any inhibitory action of the acceptor on the enzymatic cleavage 
of the donor could mask the stimulatory effect of the transfer reaction 
Effect of Donor Concentration — ^Table III shov s the vanation of phosphate 
transfer with different concentrations of p-mtrophenyl phosphate Ap- 
parently as long as an appreciable concentration of substrate remamed the 
transfer ratio was relatively constant 
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Prooj of Occurrence of Transfer 72eacfoo/i— Although the finding that less 
free phosphate than fiee nitrophenol was foi-med m the leaction is good 
evidence of a transfer of phosphate, it was consideied necessary to isolate 
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ML METHANOL IN REACTION MIXTURE 


Fig 4 Effect of acceptor concentration on "phosphotransferase” activity Sub- 
strate, 5 ml of m/ 30 acetate, pH 5 15, contaimng 4 17 mg of disodmm p-nitrophenyl 
phosphate, 2 ml of enzyme (dilution of navel orange juice phosphatase Preparation 
D), methanol, and sufficient water to make a final volume of 9 ml Digestion, 60 
minutes at 37 5® 


Table II 


Effect of Ethanol on Cleavage of Phenolphthalein Phosphate by C%irus Jmce Enzyme 


Percentage ethanol in reaction mixture 

Relative rate of phenolphthalein hberation 

0 

100 

8 50 

92 

4 25 

181 

2 13 

165 

0 83 

155 


Reaction conditions, temperature 37 5®, digestion time, 50 minutes, assay essen- 
tiallj as desenbed by Huggins and Talalay (5) for acid phosphatase (pH 5 4, 0 001 M 
phenolphthalein phosphate) Each reaction tube contained 5 ml of substrate, 
0 5 ml of enzyme (Valencia orange juice phosphatase punfied by absorption and 
elution from diatomaceous earth), ethanol, and sufficient water to make a final 
\olume of 6 ml In this experiment the enzyme was incubated with the water and 
ethanol for 1 hour before assaying Thus the results maj include inactivation 
effects In all other experiments where an acceptoi was used it was introduced 
prior to the addition of the enzyme 

and identify the acceptor phosphate compound This was done foi mono- 
methy 1 phosphate by the followung procedure 

1 gm of disodium p-mtrophenyl phosphate was dissolved in 25 ml of 
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water and the pH adjusted to 5 0 with acetic acid To this were added 
22 2 ml of methanol, 220 P N P units of na\ el orange juice phosphatase 
(Preparation D of an earlier paper (2)), 5 ml of M acetate buffer, pH 5 0, 
and water to make 100 ml After 16 hours incubation at 37 5°, 1390 
additional imits of enzjTne m Ijmphihzed form neie added and the incuba- 
tion contmued for 3 hours At this time 401 mg of free mtrophenol were 
present together w ith 30 6 mg of morgamc P or 34 per cent of the phosphate 
equivalent to the mtrophenol The mtrophenol, together wuth the residual 
mtrophenyl phosphate, was removed by sl\ extractions wuth 150 ml por- 
tions of ether after makmg the digestion mucture molar With respect to 
hydrochlonc acid Ne-ct, the solution w^as made pH 8 8 with sodium 
hj’^droxide and treated w ith a calculated excess of banum chlonde solution 
The precipitate, w hich contamed the moi^anic phosphate, was removed by 
centrifugation and discarded Ethanol w as added to 80 per cent concen- 


Tablb III 

"Phosphotransferase” Action As Function of Nttrophenyl Phosphate Concentration 


j^Jsitropbcnyl 
phosphate miUally 
present in reaction 
mixture 

1 

hfolar percentage 
phosphate transfer 

^ Nitropbenol formed m reaction 

mixture 

1 

Extent of digestion 
of substrate 

Potential 

Found 

mz 

per ant 

mz 

mz 

ptr anl 

50 0 

48 

23 2 

9 3 

40 

30 0 

49 9 

13 95 

7 94 

57 

10 0 

49 5 

4 65 

6 06 

77 

5 0 

42 4 

2 32 

1 93 

83 

2 5 

40 6 

1 16 

1 19 

i 

103 


Reaction nu-?ture, 2 ml of navel orange juice citrus phosphatase (dilution of 
Preparation D), 0 5 ml of n-propanol, m acetate pH 5 0, the indicated amount of 
disodium nit“ophenyl phosphate 2 H 2 O and water to make 8 ml Incubation for 
117 minutes at 37 6° 

tration and the pi ecipitate of crude barium methyl phosphate was separated 
by low speed centrifugation Pectmaceous material which had accom- 
pamed the enzyme settled out quite slowdj’’ compared to the barium salt 
and thus could be removed readily by decantation The salt w as reciystal- 
hzed several times from water and obtamed as thm white crystallme plates 
w hich ivere opticallj'’ identical wnth sjmthetic Ba(CH 3 )P 04 H 2 O, prepared 
by McVicar’s method (6) 

Reversal of Enzymatic Hydrolysis of Nitroplienyl Phosphate — The reversal 
of phosphatase hydrolysis, origmally reported by Martland and Robison 
(7), whereby morgamc phosphate is directly estenfied to an alcohol, is a w ell 
knowm phenomenon and has been found bj'’ many workers to occur with a 
vanety of alkaline phosphatases Roche (8) has obsen^ed a similar be- 
havior m the case of red blood cell phosphatase at pH 6 3 Courtois (9) 
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ENZYMATIC PHOSPHATE TRANSFER 


was unable to find appieciable evidence of synthetic action with several 
plant phosphatases, except upon employing extiemely long incubation 
periods Neveitheless, in the case of citrus phosphatase it was necessary 
to establish that the “phosphotransferase” activity was not actually due 
to the esteiification of the alcohol by the liberated inorganic phosphate 
A mixture of 10 ml of m/30 acetate buffer (pH 5 0), 0 1 ml of inorganic 
phosphate (0 0139 mM), 1 0 ml of methanol, 60 P N P units of Prepara- 
tion D, and water to make 14 ml was incubated at 37 5° No decrease in 
inorganic phosphate was noted after 3 hours A repetition of this expe i- 
ment with the addition of mtrophenol in 2 7 X 10~® m concentration gave 
similar results 

“ Phosphotransferase” Action in Presence of Added Inorganic Phosphate — If 
such direct synthetic action had been operative, one might ex^ilain the 
accelerating effect of alcohol as due to the removal of inorganic phosphate 

Table IV 


Effect of Inorganic Phosphate on Enzymatic Cleavage of Nilrophenyl Phosphate in 

Presence of Methanol 


Inorganic phosphate 

Methanol 

Relative activity 
(mtrophenol liberation) 

MJtf 

ml 1 


0 028 

05 

108 


0 0 

69 

0 0 

0 5 

149 

0 0 

0 0 j 

100 


The standard assay conditions for “nitrophenyl phosphatase” were employed 
All lubes contained 0 014 mm of nitrophenyl phosphate 


vhich IS knovn to inhibit phosphatase Hov ever, the addition of enough 
inorganic phosphate to equal that which would have been liberated by 
complete hj-’droly'-sis caused only a 10 per cent decrease in activity, under 
standard conditions for the assay of nitiophenyl phosphatase 
The acceleiatmg effect of methanol on the liberation of mtrophenol from 
nitrophen 3 d phosphate in the presence and absence of a large excess of 
inorganic phosphate is show n in Table IV 
“Phosphotransferase” Activity in Other Phosphatase Preparations — Porto 
Rican Red sw cet potato {Ipomoea batatas) juice and some fractions obtained 
therefrom by ammonium sulfate and pH fiactionations,^ although excellent 
sources of nitrophenj 1 phosphatase, wmie entirely devoid of “phosphotrans- 
ferase actn ity , noi did the addition of heat-inactivated citrus phosphatase 

* These fractions w ere obtained in this Laboratory in the course of the isolation of 
crystalline^ amylase (10) 
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cause its appearance A mixture of equal units of sweet potato phosphatase 
and navel orange juice phosphatase in an alcohol nitrophenyl phosphate 
substrate behaved essentially as x\as anticipated on the basis of the inde- 
pendent action of each enzyme (Table V) 


Table V 

Composite Effect of “ Phosphotransferase” and “Normal Phosphatase” 


Expenmenl 

Ko 

Enzyme 

n Propanol 

HiO 

A 

Nitrophenol 
liberated p r 0 5 
ml reaction 
mixture 

B 

Phosphate 
liberated per 0^ 
ml reaction 
mixture expressed 
as nitrophenol 

Molar percentage 
phosphate 
transferred 


ml ' 

mi 

mi 

y 

y 

per cent 

C Y-l 1 

2, C Y 

0 5 

0 

07 0 

67 1 

31 5 

C-Y -2 1 

o << 

0 

0 5 1 

86 8 

88 9 

-2 

C-1 1 

2, C 

0 5 

0 

104 7 

53 6 

49 0 

C2 ' 

2, 

0 

0 5 ‘ 

87 7 

85 7 ' 

+2 

Y-l 

2 Y 

0 5 

0 

80 0 

80 9 

-1 

Y-2 

2,“ 

0 

0 5 

84 9 

86 9 

-2 


rhospbate or nitropbenol expressed 
as V nitrophenol per S ml 




Calculated 

Found 

Phosphate liberated in Experiment C-Y-1 due to 

25 8 



Enzyme C 

Phosphate liberated in Experiment C-Y-1 due to 

49 5 



Enzy me Y 


07 3 

1 

67 1 

Nitrophenol liberated m Expenment C-Y-1 due to 

52 3 



Enzyme C 

Nitrophenol liberated in Expenment C-Y-1 due to 

49 0 



Euzyme Y 


92 3 

97 9 

Molar percentage phosphate transferred in 


27 0 


Experiment C-Y-1 


31 5 



The conditions are the same as in the standard nitiopbenyl phosphatase assay, 
except that final volume = 7 5 ml Reaction time, 72 5 minutes, Enzyme C, dilu- 
tion of navel orange jmee phosphatase Preparation D Enzyme Y, dilution of sweet 
potato phosphatase of equal “normal phosphatase” activity , Enzyme C-Y, equal 
parts of Enzj mes C and Y 

Urines of six adults were all capable of effectmg the mtermolecular trans- 
fer of phosphate Although the normal phosphatase activity of each of 
the male unnes was much higher than that of the female unnes, approxi- 
mately equal transfer ratios were found for both sexes (Table VI) 
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ENZ^ATIC PHOSPHATE TRANSFER 


Alkaline phosphatase, prepaied fiom dog kidney by ethyl acetate-toluene 
autolysis according to the procedure of Albers and Albeis (11), caused no 
phosphate transfei at pH 9 19 in veronal bulTei, regardless of whether 
jMg++ vas present or not Indeed the acceptor, propanol, which was 
present in a concentration of 7 1 per cent, actually caused a 14 per cent 
depression in the late of nitiophenyl phosphate hydiolysis 
Taka-diastase, tested under standard assay conditions in the presence 
of 7 1 per cent li-piopanol, gave a transfer ratio of 50 per cent 
Ground tissue preparations were made fiom onion (Yellow Globe), pear 
(Bartlett), and apple (Dehcious), and similarly tested Apple caused about 
a 25 per cent transfer, but onion and pear showed none, although they all 
possessed normal phosphatase activity 


T^vblb VI 

‘‘Phosphalransf erase” Activity of Human Urine 


Scs 

"Normal’ ’ i«ttoplicnyl phosphatase per ml 

Molar percentage transfer of phosphate 


F N P mils 

per cent 

9 

1 7 

28 

9 

4 6 

34 

9 

3 0 

41 

o’ 

11 S , 

36 

c? 

70 

35 5 

o’ 

16 6 ' 

40 


“Normal” phosphatase activity was determined by the standard assay method* 
The transfer n as determined at 37 5° 1 ml of dialyzed urine was added to a mixture 

of 5 ml of m/15 acetate buffer, pH 5 0, containing 4 17 mg of disodium p-nitropheuyl 
phosphate plus 1 ml of n-propanol 

Non-Parlicipation of Nucleotides — The reasons for dismissing the possi- 
bility that nucleotide substances are involved in this reaction are as follows 
The citius phosphatase Preparation D was found practically free of P m 
the concentrations used. Spectiographic examination in the ultraviolet 
legion sliow ed no absoiption chaiacteiistic of nucleotides If the quantity 
of nucleotide present was so small as to be beyond the hmits of measure- 
ment, it xvould have to be used over and over again and would lequire re- 
generation by an accompanying oxidation of some substrate not hitherto 
recognized as suitable for such purposes However, the transfer leaction 
V as found to occur anaerobicallj'' quite as well as in the presence of an In 
the lattei case, v hen the transfer w as earned out by employrng the Warburg 
technique, no gas exchange was detected Finally the ability of Prepara- 
tion D (o lixdrobze adenine nucleotide (2) makes it unlilmly that this 
compound could be long mamtained in its presence 
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DISCUSSION 

There can be no doubt that the intermolecular transfer of phosphate can 
occur A\uthout the participation of nucleotide substances but of course it 
remains to be proved that such a reaction has any biological significance 
Phosphatases are classified on the basis of specificity and pH optimum 
The critenon of “phosphotransferase” activity is suggested as a further 
means of classification For instance, sweet potato phosphatase and citrus 
phosphatase, which would probably be regarded as quite sunilar by ordmary 
cntena, are distmctly different on the “phosphotransferase” basis 

If the transphosphoiylation function descnbed here is not taken mto 
account, some anomalous results can be observed m the study of phos- 
phatase preparations If mtrophenol phosphatase activity were measured 
by determmation of hberated chromogen, alcohol would appear to acceler- 
ate it, whereas, if the hberation of phosphate were taken as an mdex, the 
opposite conclusion would be mdicated Further, alcohol would have httle 

influence upon the pH optimum m the former instance, but m the latter 
the pH optimum would appear to shift toward the alkahne region 
Any attempt to explam completely the mechanism of transphosphoryla- 
tion requires knowledge of whether the enzyme is identical with phospha- 
tase Certainly phosphatases exist which cannot perform phosphate trans- 
fer, but transfer activity has not yet been found m the absence of normal 
hydrolytic activity Partial heat mactivation and fractional fluonde m- 
hibition of citrus juice phosphatase preparations tend to support the theory 
of a smgle enzyme The addition of more phosphatase activity (as sweet 
potato phosphatase, which does not perform this phosphate transfer) to a 
preparation high m transfer abihty led to results (Table V) which are 
compatible with the view that a single enzyme is responsible 
Although the question of whether one or more enzymes is mvolved cannot 
be considered settled, it seems more likely that the transfer reaction is a 
property of the moiety that catalyzes the normal hydrolytic reaction The 
transfer reaction might then occur m one of two ways, the enzyme-donor 
complex reacts directly with the alcohol, or the phosphate radical is released 
m a highly active state and then combmes with the alcohol If the latter 
conjecture is correct, then it is curious that all acid phosphatases do not 
act as transfer catalysts The former h3T5othesis thus appears more reason- 
able, and hence the difference between a phosphatase that transfers phos- 
phate and one that does not is probably due to a difference m their specifici- 
ties toward the solvolytic reagent 

Attention is called to the observation of Rabatd (12) that the /3-glu- 
cosidase of Salix purpurea, which cleaves glucose from ^-hydroxyaceto- 
phenone glucoside under ordmary conditions, forms /S-methyl glucoside 
when methanol is present durmg the cleavage It may be that siTmlar 
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EN^I-MATIC phosphate TRANSFER 


“tiansfeiase” phenomena will be found to be of general occurrence with 
othei t^Ties of hydrolases 


SUMMARY 

1 The inteimoleculai tiansfei of phosphate can be peifoimed enzj^matic- 
all}'' w ithout the participation of nucleotidic compounds 

2 Enz5fmes capable of this action have been found in citrus fruit, apple, 
human urine, and taka-diastase, but not in onion, sweet potato, pear, or 
dog kidney alkaline phosphatase piepaiation 

3 “Phosphotransferase” has not been obtained free of acid phosphatase 
and may be an mtegral propeity of some acid phosphatases, but certainly 
not of all 

4 The transfer occurs betw een aryl phosphates and aliphatic hydroxy 
compounds The phosphates of phenol, phenolphthalem, and mtiophenol 
are excellent donors 

5 As acceptors, primary'- alcohols are bettei than secondary alcohols 
The simplest tertiary alcohol tested was not suitable The piesence of an 
acidic or basic group m the alcohol apparently renders it unsatisfactory as 
an acceptoi Lactic acid does not accept but its ethyl estei does Nitra- 
tion or chlorination of an alcohol does not abolish its ability to accept, nor 
does the presence of an olefinic linkage Polyhydroxy alcohols includmg 
mannitol serve as acceptors but sugars and inositol do not Pyridoxal is 
not converted to codecarboxylase by this method 

6 “Phosphotransferase” action cannot be accounted for bj'^ reversal of 
the phosphate hydrolysis reaction 

7 The effects of pH and the concentration of acceptor and donor on the 
“phosphotransferase” reaction m the case of nitrophenyl phosphate have 
been studied, and it -was found that the ratio of phosphate transferred to 
substrate cleaved increases continuously'’ with decreasing pH, while the 
absolute amount of phosphate transferred passes through an optunum close 
to that for mtrophenol liberation, but removed from the optimum for phos- 
phate liberation Increasing the acceptor concentiation mcreases the ratio 
of phosphate tiansf erred The absolute amount tiansferred also increases 
until the acceptor concentration is great enough to cause inhibition On 
the other hand, the ratio is independent of donor concentration. 

8 The transphosphorydation betw'een methanol and nitrophenyl phos- 
phate by a citrus juice phosphatase preparation results in the formation of 
monomethyl phosphate, which has been isolated and identified as the 
barium salt 


The author wishes to express his thanks to Dr A K Balls of this Lab- 
oratory^' for his valuable advice and guidance, and to the following members 
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of the Western Regional Research Laboratory Dr F T Jones for the 
crystallographic identification of the barium methyl phosphate, Mr G F 
Bailey for the spectrophotometnc demonstration of the absence of nucleo- 
tides in the citrus phosphatase preparation, and Mrs M E Atkins for the 
fluorophotometric determinations It is also a pleasure to acknou ledge the 
kindness of Mr George Goerl and the Acme Breweries of San Francisco in 
supplying the fresh bottom yeast used m the carboxylase determinations 
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A UNIFORM MEDIUM FOR DETERMINATION OF AMINO 
ACIDS WITH VARIOUS MICROORGANISMS* 

By L M HENDERSON akd ESMOND E SNELL 

{From the Deparlment of Biochematry, College of AgrtcuUure, University 
of Wisconsin, Madison) 

(Received for publication, August 21, 1947) 

The use of lactic acid bactena for the determination of ammo acids which 
they require is now widespread The basic techniques used and the vanous 
mdmdual methods proposed are very similar, and have been reviewed else- 
where (1-3) These similanties have led some mvestigators (4, 5) to pro- 
pose assays of a large number of ammo acids under more or less uniform 
conditions with a smgle orgamsm Media used with such general methods 
have not been optimal for other organisms also useful for assay work Thus 
far, however, no smgle orgamsm has proved smtable for the determmation 
of more than about eight of the ammo acids Lack of an absolute require- 
ment (6, 7), vanation m relative activity of optical isomers (8), the now 
known mterrelationships between certam vitamins and some ammo acids 
(9-12), and disturbances resultmg from unknown causes combme to make 
use of a vanety of orgamsms advisable or even necessary when analyses for 
several different ammo acids are required Use of more than one test 
orgamsm for the determmation of a smgle ammo acid is also valuable as 
added evidence for or against vahdity of an assay (1, 2) 

An obvious advance in methodology, therefore, would be the development 
of a smgle medium which could be made deficient as desired m any smgle 
ammo acid, and which could be used successfully with any one of a vanety 
of test orgamsms This has been the object of the present study The 
medium herem proposed has been extensively mvestigated with respect to 
its suitabihty for Lactahacillus arabinostis 17-5, Streptococcus faecahs R, and 
Leuconostoc mesenteroides P-60 For these and four additional species of 
lactic acid bactena, it supports acid production equal to or greater than 
had been previously reported with speciahzed media for each organism 
The smgle medium with the appropnate ammo acid omitted has been 
employed successfully to determme fourteen different ammo acids 

EXPERIMBNTAli 

Cultures and Jnocufa— Orgamsms used were LaciobacUlus arabmosus 17-5, 
Streptococcus faecalis R, Leuconostoc mesenteroides P-60, Lactobacillus casei, 

* Published with the approval of the Director of the 'WiBconsin Agncultural Ex- 
periment Station Supported in part by a grant from the Nutrition Foundation, 
Inc , New York, to Professor C A Elvehjem 
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■UNIFORM MEDIUM FOR AMINO ACID ASSAY 


Lactobacillus delbrueckii 5,' Lactobacillus delbrueckii 3, and Lactobacillus 
fermenli 36 These ere carried by biweekly transfer as stab cultures m 
an enriched basal medium This was prepaied by reducing the concentra- 
tions of glucose and sodium citrate shown in the basal medium (Table I) 
by one-half and adding 0 5 pei cent Bacto-tiyptone, 0 5 per cent Bacto- 
yeast extract, and 2 per cent Bacto-agar All cultures ivere incubated at 
37° until good gioivth occuired in the stab culture (24 to 48 hours) and ivere 
then refrigerated until the next transfer 

For gi owing inocula, this same medium with agar omitted was employed 
This liquid medium ivas put m tubes in 5 ml lots, sterilized by autoclaving 
for 20 minutes at 15 pounds piessuie, and kept m the refngerator Inocula 
ivere prepared by transfer from the stock culture and gioiin foi 8 to 12'' 
hours at 37° The cells ivere centrifuged and resuspended in a volume of 
sterile 0 9 per cent sodium chloride solution 5 to 25® times gi eater than that 
of the medium m ivhich they ii ere groivn 1 drop of suspension ivas used 
for each assay tube Lyophjdized cultuies, prepared as described by 
Nymon, Gunsalus, and Gortner (15), iveie also employed successfully m 
the later phases of the ivork Instead of being used directly'- as inocula, 
the resuspended dried cells iveie transferred to the inoculum medium, in- 
cubated for 8 to 12 hours, and used as described above 

Pioceiure — Assays w ere carried out m 18 X 150 mm Pyiex culture tubes, 
and in a total volume of 2 ml The samples or standaids were added in 
volumes fiom 0 2 to 1 ml , water being added to make 1 ml , 1 ml of the 
basal medium, prepared at twice the concentiation showm in Table I, was 
then added Additions of both watei and samples wure made wuth the 
rapid automatic dispenser of Cannon ^ Steiihzation w'^as accomplished by 
autoclaving the tubes for 10 minutes at 10 to 12 pounds piessure A metal 
cover approximately 3 inches deep and lined with a heai'y padding of cotton 
w as placed ovei each rack of 60 tubes This covei w'as removed for appiox- 
imately 1 minute in a small room pieviously fieed fiom dust with steam, 
while 1 drop of inoculum w as added to each tube from a steiile pipette 

' Dunn cl al (G), because of identical nutritive requirements, have concluded that 
Lactobacillus caset and L delbrueckii 5 are the same organism Although the nutri- 
tive requirements of our culture of L casei correspond to those reported by Dunn, 
those of L delbrueckii 5 do not It is possible, therefore, that two different cultures 
are being used under the latter name 

- Inocula grow n for IS to 24 hours may be used at somen hat greater dilution with- 
out noticeably affecting the results 

’ Slrcpiococcus faccalis suspensions nere diluted approximately 25-fold, suspen- 
sions of Lactobacillus arabinosus, Leuconostoc mesenter aides, and other organisms were 
diluted from 5- to 10-fold, depending upon the amount of gronth The amount of 
inoculum used is not a critical factor in determimng success of the assay 

* Cannon, M D , in press 
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After incubation in a forced air incubator for 60 to 72 hours at 37°, the 
lactic acid produced was titrated directly in the assay tubes with 0 04 n 


Table 1 

Composition of Medium 


Component 

1 

I Quantity per 

Component 

Quantity per 

Glucose 

2gm 

Ca pantothenate 

100 y 

Sodium citrate (U S P XII) 

2 “ 

Niacin 

100 " 

“ acetate (anhydrous) 

0 1 gm 

p Aminobenzoic acid 

20 “ 

NH4CI 

0 3" 

Biotin 

1 " 

KjHPO, 

0 5" 

FoUc acid 

1 " 

Salts C’t 

2 ml 

nn-Alanme 

100 mg 

Adenine sulfatef 

1 mg 

DE-Aapartic acid 

100 “ 

Guanine hydrochloride 

1 " 

L-Glutamic acidj 

100 " 

Uracil 

1 " 

L-Argimne-HCl 

20 " 

Xanthinef 

1 " 

n-Lj sine-HCl-HtO 

20 " 

Thiaminet 

100 7 

Other aimno scids§ 


Riboflav in 

100 " 

I, forms 

i 10 “ each 

Pyridoxal 

20 “ 

Or PL forms 

20 » “ 


* The quantities indicated are for 100 ml final volume or ten 10 ml tubes The 
first five components are added in dry form each time that a determination is made 
t For convenience, stock solutions containing vanous related ingredients have 
been prepared as indicated below , and im\ed w hen making the final medium Ade- 
nine, guanine, and uranl solutions were prepared at concentrations of 1 mg per ml 
with sufficient HCI to keep them in solution The xanthine at the same concentra- 
tion was dissolved with the aid of dilute ammonia The vitamins were combined in 
a single solution at such concentrations that 1 ml is used to supply the quantities 
indicated in Table I Salts C solution is prepared by dissolving 10 gm of MgSOj - 
7H,0, 0 5 gm of FeS04 7H 0, 0 5 gra of NaCl, and 2 gm of MnSOi 7H2O and making 
to 250 ml CIS) The amino acids, exclusive of the one being determined, are pre- 
pared in a solution at such concentrations that 25 ml contain the amounts indicated 
Cystine and tyrosine are dissolved first in the minimum quantity of 3 n HCI, then 
diluted with water and the other amino acids added The mixture should be heated 
until complete solution is effected, otherwise crystallization of the ingredients 
occurs on refngeration All solutions are kept under toluene in the cold room and 
replaced at intervals of 1 month The medium is adjusted to pH 6 8 to 7 0 before use 
t An induction period or lag was encountered in both standards and samples with 
the glutamic acid determination It was not corrected by adding 1 G mg of h- 
asparagine per 2 ml of medium, but was eliminated when the medium was adjusted 
to an initial pH of 6 0 and a concentrated inoculum used {cf Hac ei al (14)) A 
similar lag in the proline curve was corrected in the same manner 
§ Histidine, isoleucine, leucine, methiomne, phenylalamne, proline, threonine, 
t3W03ine, valine, tryptophan, cystine, senne, and glycine 


NaOH The end-pomt was determined electrometncally by an adaptation 
of the technique employed by Pennington et al (16) Dunng titration. 
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the contents of each tube were stirred vigoiously with an air stream The 
details of this piocedure, as applied to volumes of 0 2 ml , are described in 
the accompanymg paper (17) The same technique vith correspondingly 
larger equipment was used in the present studies Th3TOol blue and other 
indicatois tried gave unsatisfactory end-points in the presence of the 
multiple buffers in the medium (Table I), even though the end-point 
selected corresponded to the inflection point in the titration cun'^e of the 
buffer mixture The curve, together with that obtained by electrometnc 
titration of the same buffer muxtuie, is shown in Fig 1 



ml. N/IO NsOH 

Fig 1 Curves relating galvanometer deflection to pH of buffered solution 


Basal Medium The composition of the basal medium finally adopted is 
show n in Table I In preliminary trials, this medium supported as good or 
bettci groA\ th of each of the three assaj’- organisms as did the specialized 
media then being used in this laboratory (18, 19) These latter media, 
t lough essentially alike, diffeied in minor respects and were representative 
of improved media used for these organisms by many investigators The 
aclequacv of the neu medium for the vaiious organisms was further tested 
y running assay cunms for leucine in the unchanged medium, and in 
similai media in vhich the concentration of single ingredients or a group of 
lolated mgiedients v as varied from a fraction to several times that present 
in the initial medium Eleven levels of n-leucine, ranging from 0 to 60 7 
per .. ml , vith all points m duplicate, riere run to establish each standard 
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curve, and curves were obtamed sunultaneously with all three test organ- 
isms {LactohaciUus atahmosus, Strepiococcus faecahs, and Leuconostoc 
mesenteroides) A superior medium was adjudged to be that variation in 
which (a) the greatest acid production resulted from addition of excess 
leucme, (&) the greatest slope of the standard curve v as secured over the 
assay range, and (c) the standard curve was most nearly Imear m the assay 
range A summary of the results of these mvestigations is given below 



Fig 2 Effect of sodium citrate concentration on the response of Streptococcus 
faecahs to leucine 


Citrate and Acetate Buffers 

The superionty of citrate over acetate buffers m piomotmg growth and 
acid production of Streptococcus faecahs has been adequately demonstrated 
(20, 21) Attempts to use citrate buffer for other orgamsms led to the ob- 
servations (22) that 2 per cent sodium citrate was toxic, but that the 
toxicity could be overcome by mcreasmg the concentrations of magnesium 
and manganese ions m the medium When such mci eases in the metalhc 
ion concentiations were made, citrate was an effective buffer for several 
other lactic acid orgamsms as well For Lactobacillus arabinosus and 
Leuconostoc mesenteroides, 2 per cent of sodium citrate was supenor to 1 or 
3 per cent, while for Streptococcus faecahs (Fig 2) 3 per cent gave greater 
acid production at high concentrations of leucme Even with this organ- 
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ism, however, the usable poition of the standard cun^e Avas not altered by 
increasing the citiate concentration above 2 pei cent Sodium citrate 
could be replaced by potassium citiate in equivalent concentiations without 
altering these lesults 

Sodium acetate was included in this medium because of its demonstrated 
groAvth-stimulatmg activity tor several lactic acid bacteria (23), varying 
the concentration from 0 05 to 0 3 per cent had no effect on acid production, 
shapes, or slopes of the standard cuiwes when othei buffers were present 
at the concentrations indicated in Table I 

Ammonium Chloride and Sodium Chloride Concentrations 

To eliminate possible disturbing effects of ammonium salts piesent in 
protein hydroly'^sates, ammonium chloiide ivas added to the medium Van 
ations in concentration fiom 0 to 1 5 per cent had no effect on the response 
of Streptococcus faecahs or Leuconostoc mesenie) oides to leucine At levels 
of 0 75 per cent and liighei, acid production by'' Lactobacillus arabinosusViS^ 
depressed at all lei'^els of leucine Ammonium chloiide has theiefore been 
added at a lover concentiation, 0 3 pei cent 

With ammonium chloride at this level, 1 pei cent of added sodium chlo- 
ride Avas tolerated by Streptococcus faecahs This concentration of salt 
Avas slightly inhibitoiy to the othei tAvo organisms but 0 5 per cent AA'as 
harmless 10 to 20 mg of sodium chloride thus represent the maximum 
alloAvable amount of this salt which should be added Avith samples for assay 

Phosplmie Concentration 

An increase of the concentiation of dipotassium phosphate up to 1 per 
cent resulted in increased acid pioduction by Sti epiococcus faecahs (Fig 3) 
Leuconostoc mesenteroides P-60 gave smallei inci eases, while acid production 
by Lactobacillus arabinosus Avas independent of phosphate concentration 
betAAeen 0 1 and 1 per cent The assay lange for leucine, hov^ever, is not 
lengthened by the addition of amounts of phosphate above 0 5 per cent 
This concentration vas theiefore selected foi use m the medium 

Other Inorganic Constituents 

Previous results (22) liaA^e shoAvn that Salts B at the level usually incor- 
porated do not provide adequate manganese or magnesium to permit opti- 
mal gro\A th of assay organisms other than Streptococcus faecahs in a medium 
high in citrate Salts C (13), Aidiich differ from Salts B in that they'' contain 
a 4-fold greater concentration of manganese sulfate, have been used Com- 
parisons of 0 5 per cent Salts B Avith 0 5 to 4 per cent Salts C Avere made 
Except for Streptococcus faecahs, AA^here there was no difference, 0 5 per 
cent Salts C a\ as superior to 0 5 per cent Salts B Increasmg concentra- 
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tions of Salts C were beneficial up to 2 per cent, higher levels gave no fur- 
ther improvement (Fig 4) Salts C, at 2 per cent level, were therefore 
used m the medium In separate experiments, addition of a mixture of 
trace elements (0+^^", I“, B 4 O 7 ”, Zn++, Cu++, and Co++) to provide 2 y 
of each element per 2 ml had no effect on the response to leucme 


Ammo Acid Concentrations 

The concentrations of ammo acids chosen were considered high, repre- 
sentmg m most cases 10 to 20 tunes the requirement foi each in the pres- 



Fig 3 Effect of phosphate concentration on the response of Streptococcus faecahs 
to leucine 

ence of an excess of the others The total concentration of the naturally 
occurrmg isomers in the medium is 0 38 per cent Eighteen ammo acids 
were used, hydroxyprolme, norleucme, and norvalme were not mcluded, 
smce they have not been reported to affect growth of these orgamsms m 
any way at low concentrations The concentration of the entire mixture 
of amino acids was first varied from one-half to tv ice the level mdicated 
m Table I Slightly dimmished acid production by Streptococcus faecahs 
at the lower level was the only effect noted Glutamic acid, aspartic acid, 
alanme, argimne, and lysme vere vaned mdividually over similp r ranges 
of concentration without effect on the response to leucme of any organism 
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TIi 6 nriginnlly selected, coucentiations of uiDino acids iieio thus considered 
adequate 

Glucose Concentialion 

Glucose concent! ations of 1, 2, 3, and 4 pei cent M eic compared 2 per 
rent glucose supported acid pioduction equal to that obtained w ith 3 and 4 
pel cent foi Sit eplococcus faecahs and Leuconostoc mesente) oides, hut Lack 
bacillus aiahinosus shoued incieased acid pioduction in the uppei part of 



Fig 4 Eftect of concentrations of inorganic salts on the response of Leuconostoc 
vicscnlc) oidcs P-60 to leucine 


the cun c (Fig 5) ■with 3 and 4 pei cent glucose T\^iile increasing glucose 
concentration fiom 1 to 2 pei cent gieatly incieased the usable assay lange, 
no similai mcicasc lesulted fiom highei concenti ations of sugai, 2 pei cent 
Mas theiefoie selected foi use in the medium 

It 'should be noted that the curves obtained with 1 or u ith 2 pei cent of 
sugai ate supciiniposable ovei the lowei part of the assay curve If one 
vishcs to Moilv vithin this lange, theie is no evidence that any advantage 
(? c , gi eater accuiacj or higher precision) would lesult from the use of sugar 
concenti ations aboi e 1 pei cent 
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Vitamin Concentrations 

The A itamins aa ere added at relatiA'ely high concentrations Pyndoxal, 
the form of Antamin Be ai ailable to each of these microorganisms, aa as u'^ed 
Concentrations of the entire Antamm mixture equal to one-eighth and one- 
fourth that shoAA n in Table I aa ere inferior, especially for Leuconosloc mesen- 
teroides and Streptococcus faecalis Lei els from one-half to tiAice that 
adopted gai^e identical standard cun'^es 



Fig 5 Effect of glucose concentration on the response of Lactobacillus arabinosus 
to leucine 


Punne and Pynmidme Bases 

Omission of the purme and pynmidme bases from the medium resulted m 
an mduction penod in the leueme response cun'-e obtained a\ ith Leuconosloc 
mesenteroides Other organisms Aiere unaffected No improA'^ement m 
response cun’^es a\ ith any organism resulted from a ar3'^mg the concentra- 
tion of this supplement from one-half to twice that adopted 

TJse of Medium vnth Other Test Organisms 

The adequacy of the assaj'^ medium for Laclohacillus arabinosus, Strep- 
tococcus faecalis, and Leuconosloc mesenteroides haAnng been proA ed, it was 
next compared Aiuth previously desenbed media for its ability to support 
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growth and acid production of several other lactic acid bactena The 
results of a comparison for LaclohaciUus delhruccLii 5 with the medium of 
Stokes et al (4) are shown in Fig 6 The maximum acid production and 
the shape and slope of the standard curves differ markedly 
Similai data for Lactobacillus casei gioivn on the medium of McMahan 
and Snell (24) aie shown in Fig 7 Here the curves were identical in the 
lower portion, but the new medium gave a gieatly extended assay range 
when the titrimetiic method was used, m part because of the increased 



Fig 6 Comparative response of Laclohactllus delhrxicckii 5 to leucine in two assay 
media 

amounts of sugar and buffei present L fennentt gave acid production on 
this medium comparable to that lecently reported with a specialized me- 
dium bj’' Dunn etal (6) L dcZ&rifecA/tt 3 likewise giew well, giving appiox- 

imately 90 per cent of the theoretical acid production (considered to be 11 
_ ml of 0 04 N acid pei 2 ml of medium) in the complete medium It was 
concluded that the medium can be employed unchanged for most of the 
lactic acid bactena hitherto used for assay of ammo acids 

Analyses of Protein Hydrolysates — ^Four purified pioteins were analyzed 
a number of times for fourteen different ammo acids, this medium and a 
number of test organisms being employed Hydrolysis was accomplished 
by autoclaving 0 5 gm of the protein m sealed Pyrex tubes with 20 ml of 
3 N hydrochloric acid for 5 hours at 15 pounds pressure Variation of the 
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hydrolysis procedure for casein from 2 n hydrochloric acid for 5 hours to 
3 N hydrochloric acid for 10 hours did not alter the results significantly 
For tryptophan analyses, both enzjunatic and alkalme hydrolysates were 
emplo 3 '’ed The alkaline hydrolysates n ere prepared by autoclaving 0 5 
gm of protein with 10 ml of 5 n sodium h 3 '^dro\ide in a sealed Pyrex tube 
for 15 hours at 15 pounds pressure Complete racemization was assumed 
(25) Enzyme digestion (26) was accomplished by shaking 50 ml of an 
unbuffered suspension containmg 200 mg of protein, 20 mg of Merck’s 
pancreatm, 4 mg of Wilson’s hog intestinal mucosa, and a little toluene for 
3 days 



Fig 7 Comparative response of Lactobacillus casei to leucine in tw o assay media 


Each determination was made with three to six tubes at each of slx levels 
of the amino acid standard and with three tubes at each of five levels of 
the samples (0 2, 0 4, 0 6, 0 8, and 1 ml ) In most cases, analyses were 
conducted simultaneously for at least six ammo acids 
Such extensive assays were made primarily to test the applicability of 
the new medium to the assay of each of the several ammo acids for which 
test organisms are available The results, though apparently comparable 
m precision to those reported by previous w orkers, are not felt to represent 
the maximum precision attamable m microbiological assays with this or 
other media 

The results of these analyses are shown in Table II and are compared 
with the range of values from the literature found by microbiological assay 




Table II 

Ammo Actd Compoatlion of Purified Proteins* 
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of these same proteins In view of the small number of analyses made in 
some cases, the range of values is given, and the data are not treated sta 
tistically 

The data represent the results of separate analyses of a number of differ 
ent acid hydrolysates of each protein (e g , eight for casein) A solution of 
ammo acids, compounded to contain roughly the lelative concentiationof 
each ammo acid requiied by the vaiious test organisms, was analyzed each 
time With very few exceptions, the amount of each ammo acid found by 
assay of this mixture agreed to within ±5 per cent with the amount added, 
and the agreement was usually much better than this 

SUMMARY 

1 A uniform medium has been developed for the microbiological deter- 
mination of ammo acids with a number of the most widely used lactic acid 
bacteria High acid production, Ioav blanks, and satisfactory standard 
curves for each of fourteen different ammo acids were obtained 

2 The concentrations of single or closely related components of the 
medium were varied over wide ranges and approximately optimal concen 
trations for each selected for use m the medium 

3 Hydrolysates of purified casein, edestm, bovine serum albumin, and 
colostmm pseudoglobulm were analyzed for fourteen ammo acids Repro- 
ducible values, in most cases comparable in magnitude and variation with 
those reported from other laboratories by microbiological methods, were 
obtained 

Addendum — Since the subm ssion of this paper, the above medium and method 
have been found suitable for assay of glycine Leuconostoc mesenteroides is used as 
the test organism For this purpose, it is ordinarily necessary to recrystalhze the 
DL-alanine used in the medium, since this amino acid, as obtained commerciallyi 
sometimes contaminated \nth glycine A sample of Merck’s oL-alanine, for example, 
vas found to contain 0 6 per cent of glycine by microbiological assay This cas 
ehimnaled by one recrystallization 
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A rapid, routine method for determimng ammo acids m tissues, enzymes, 
hormones, viruses, and other natural matenals available only in small 
quant ties would have mde apphcation The microbiological techmque 
should be veil suited to such a method because (o) it can be apphed for the 
ma]onty of the ammo acids with only shght vanations in procedure and 
because (b) the method is sensitive at conventional volumes and would be 
extremely sensitive if adapted to small volumes Micro adaptations of 
microbiological assays for vitamms have been descnbed by Penmngton 
etal (1) andby Lowry andBessey (2)m whichO 2ml of medium w as used 
The latter workers, employmg Lactobacillus casei for nboflavm determina- 
tions (3), found that the chief difference between the conventional method 
and the micro adaptation was the need for incubation of the small tubes m 
an atmosphere of carbon dioxide saturated with water and the addition, 
pnor to inoculation, of a solution of cysteme sterilized by filtration 
A smiilar micromethod for the determination of ammo acids is descnbed 
below which has been apphed successfully m analyzing hydrolysates of 
punfied proteins With this method, at least fourteen ammo acids can be 
determmed m 10 to 20 mg of a protem of average composition 

Procedure 

The medium used, the preparation of mocula, and the general procedure 
were those previously descnbed (4) The only changes m techmque w'ere 
those necessitated by the reduction m final volume from 2 to 0 2 ml 
Standard f X 3 inch lipless culture tubes w'ere held m racks 9 X 14 cm 
made from sheet copper, each wuth a capacity of 60 tubes After the sam- 
ple or standard solutions were placed m the assay tubes at levels of 0, 0 02, 
0 04,006,008, and 0 1 ml , water was added to brmg the volume to 0 1 ml m 
all the tubes Suitable special pipettes for these volumes have been de- 
Ecnbed elsewhere (1, 2, 5) The tubes were then closed with plugs or wuth 
a suitable cover similar to that previously descnbed (4) and autoclaved for 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station Supported in part by a grant from the Nutntion Foundation, 
Inc , New York, to Professor C A Elvehjem 
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10 minutes at 10 pounds piessuie Double stiength basal medium i\as 
steiibzed m the same mannei in a plugged flask AVlien the medium had 
cooled, it u as inoculated with 1 ml of inoculum suspension pei 20 ml of 
medium 0 1 ml of the inoculated medium ivas pipetted aseptically into 
each assay tube This should be done in a steiilized hood or dust-fiee 
loom, since flaming of the tubes is impiacticable 
The tubes weie incubated for 60 to 72 hours m a covered Avater bath at 
37° Undei these conditions evapoiation uas negligible In the ciicu- 
lating an incubatoi, evapoiation uas too gieat and vaiiable to permit 
leliable assays The lactic acid ivas ti tinted electiometiicallj’" dnectly in 
the assay tubes ivitli 0 01 N sodium hydi oxide fiom a micio buiette Cal- 
culations, etc , weie made m the same mannei as when assays aie conducted 
on the usual scale 


Mechanical Aids Employed 

In the studies desciibed heie, special mechanical aids ueie employed foi 
pipetting and titiatmg While these aie not necessaij’' and do not increase 
the precision of the method, they gieatlj^ facilitate the detenninations 

Measurements of volumes were made vnth the Cannon dispenser ^ The 
liquid being measuied passes through a small orifice undei fixed pressure 
for controlled periods of time to give the desiied volumes Any desired 
sequence of volumes can be dispensed A special solenoid valve (5, Fig 
1, A), 2 X 1 X 1 inches, essentially similar to that described bj’' Cannon,^ 
uas constiucted from a small 12 Amlt, dc solenoid The blade of this 
solenoid valve is thrust to the light by a spring ivhen the circuit is open, 
compicssmg the uibbei tubing, 7, against a fixed bai, 8, thus mteimpting 
the flov The dispensing tip, 10, was piepai ed by diavung out 3 mm glass 
tubing m a flame to the point of complete constriction, and then cutting the 
tube neai the teimination of the constiiction and grinding the cut surface 
back tovaid the lumen of the tube until the lesultmg orifice reached the 
appiopiiate diameter foi the volume to be dispensed (less than 0 1 mm foi 
the studies described heie) 

The \essels used are sIioami in Fig 1, vessel /I Avas used to contain the 
mediimr and A^essel B for sample and standard solutions The hquids are 
dispensed from the tube, ^ or 12 , doAAHAA aid into the assay tubes under fixed 
an pressure excited aboA’e (1, Fig 1, A) Approximately fort}'’ measure- 
ments of any desiicd volume or sequence of volumes from 0 02 to 0 1 ml 
can be made m 1 minute The accuiacy is ±1 per cent at 0 1 ml Al- 
though mdiAidual Aieiglungs of liquid dispensed by the 0 02 ml segment 
AAerc not made, Aa e such dispensings AAeighed 0 1 gm ± 0 001 gm 

* Cannon, M D , in press 
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The sample vessel (Fig 1,5) has a capacity of appi oximately 5 ml The 
giound glass ]omt, IS, permits lapid disassembly foi washing the tube, 12, 
and imsing iiith the ne\t solution to be dispensed A numbei of such 
vessels can be used in turn, the innei joint, IS, lemaimng m position m the 
rubbei tubing of the dispensing assembly, as shoivn m Fig 1, A 

The constiiction m the an inlet tube (2, Fig I, A) holds a cotton filter m 
place so that aseptic dehveiy of solutions (c g , inoculated media) is readily 
accomphshed Each medium tube, 4, is fitted iiuth rubbei tubing ap- 



Fig 1 Dispensing vessels and solenoid valve assembly for use with the Can- 
non dispenser 1, inlet for air under controlled pressure, cotton air filter, S, 14/35 
ground glass joint, 4, 25 mra Pyrev tube 10 cm in length, 5, 12 volt d c solenoid, 6, 
glass encased nail, 7, rubber tubing 1/16 X 1/32 inch, 8, brass bar 5 X 5 X 35 mm , 
9, No 18 copper wire, 10, dispensing tip, 11, 10/30 ground glass joint, 12, 12 mm 
Pyre\ tube 7 cm in length, and 13, 5/20 ground glass joint 

pi oximately 2 inches long i\uth a tapered glass lod closmg the open end m 
place of the tip, 10 Each vessel is also fitted with a brass bai, 8, held m 
position by attached coppei iiire, 9, with spirals through which the rubbei 
tubing, 7, is threaded This entiie assembly, detached fiom the solenoid 
valve, 5, is autoclaved with the basal medium leqmred As many as 
fourteen of these vessels have been autoclaved simultaneously, supported 
bj’^ sprmg clips around the uppei jomt, 3, attached to a strip of wood on a 
ring stand 

When the medium has cooled, the inner joint of the air inlet, S, is le- 
moved, the outei jomt flamed, and 1 drop of inoculum, prepared as pre- 
viously described (4), is added for each ml of sterile, double strength basal 
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medium The air inlet tube is then replaced Stirring is accomphshed by 
movmg a glass-encased nail, 6 , up and down in the medium with the aid of a 
small horaeshoe magneto ^Vhen the vessel is clamped into position wth 
the bar, 8 , attached rigidly to the body of the solenoid, the valve closes on 
the tubing, 7, and the glass rod is replaced by the dispensing tip, 10 , which 
has been separately steiilized in mercuiic chloiide solution The tip and 
tubing are rinsed well with inoculated medium, then 0 1 ml is dispensed 
into each tube 



Fio 2 Assembly for electrometric titration in culture tubes I, 3 mm glass 
tubing admits the alkali, S, rubber tubing connecting capillary salt bridge, 10, to 
calomel half-cell, 3, rubber policeman over side arm, 4, hypodermic needle admits a 
suitable stream of COj-free air for stirring (air passes between the walls of concentric 
tubes, S (diameter 3 mm ) and 5 (5 to 6 mm )), 5, Pt wire from the terminal of the 
galvanometer to the coil of Pt, 6, wrapped around the tube, 9, to form an electrode, 
7, small rubber bands to hold the Pt wire, 5, and the salt bridge, 10, in position, 11$ 
3/8 X 3 inch culture tube 

E\tieme caie must be exercised to pi event solid materials such as chips 
of glass, cotton fibers, or sediment m the medium, standards, or samples 
from clogging the orifice of the tip To prevent this, all samples, standards;' 
water, and media to be dispensed are carefully filtered through No 42 
IVhatman paper Ground glass joints ivere left dry, since stop-cock 
lubricants also clogged the orifice By the technique just described, 1500 
tubes involving 4500 pipettings can be set up in an 8 hour day, provided 
the samples are prepared and diluted m advance 
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Since the titration procedure has not been previously described and 
has proved very satisfactory, both for 0 2 ml and 2 ml volumes (4), it 
will be outlined here in some detail 

The apparatus used is shoum in Fig 2 It can be readily assembled 
from available laboratory equipment Its essential parts are a quinhy- 
drone electrode connected through a capillary salt bndge 2 and iO, to a 
calomel half-cell (1 m KCl) with the external circuit closed through an 
mexpensive galvanometer (Leeds and Northrup portable pointer type, 
Cenco No 82150D or 82155D, 0 5 microampere per scale division or 
equivalent) 

The potential of such a cell is 0 at approximately pH 7 1 and the galva- 
nometer can be readily adjusted to give no deflection at the desired end- 
point In this case (4) the end-pomt chosen was pH 7 3 At this end- 
pomt, the addition of 0 005 ml of 0 04 n sodium hydroxide to 0 2 ml 
of the culture medium results in a deflection of one-half scale division on 
the galvanometer 

Stimng IS accomplished by passing carbon dioxide-free air under pressure 
through a No 27 or No 28 hypodermic needle, 4, mto a side arm through 
the wall of a rubber policeman, S The air passes between the walls of 
the concentric tubes, 8 and 5, and bubbles up through the solution ® The 
platinum wire, 5 and d, which serves as the inert conductor for the qum- 
hydrone electrode, is wound around the outer tube, 9, three to five times 
Small rubber bands, 7, hold the salt bndge and platinum wire m position 
The outer tube is flanged at the tip to protect the salt bndge and to give 
more effective stimng The salt bridge, 10, should be made as large as 
possible, with the flow of KCl solution impeded adequately by shnnkmg 
of the tip in a flame around a few fibers of fibrous asbestos If the diameter 
of the capillary is too small, the sensitivity is greatly reduced 

Although this equipment can be used with a micro burette, most of the 
work descnbed here was done by the technique descnbed by Cannon * 
In this procedure, the dispenser used for filling the tubes was also used for 
titrating Instead of measunng volumes, the mstrument is used m such 
a way that it records on an automatic counter the length of time that 
alkali IS allowed to flow through a small onfice at constant pressure Re- 
peated checks indicate that the probable titration error is between 1 and 
2 per cent, te ,0 005 to 0 01 ml in a total titration of 0 5 ml A similar 
percentage error was found foi the 2 ml titrations (4) 

Before titration, quinhydrone is added to each tube as 1 drop of a w'ater 

• A similar device for stirring and titrating the contents of assay tubes has been 
used with burette and indicators by Dr F M Strong and associates in this 
laboratory 

* Cannon, M D , to be published 
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suspension of such concentiation that a slight amount lemains undissolved 
Mhen the titiation is complete With some cells, the galvanometei deflec 
tion at the end-point may change slightly dining the fiist few minutes of use 
Foi this leason a buffei solution which contains the majoi components 
of the basal medium, oi a poition of the basal medium itself, adjusted to 
the desued end-point, should be checked aftei each five to ten tubes to 
asceitam the collected galvanometei deflection until it leqiiiics no fuithei 
adjustment, aftei seveial such checks Usually no adjustment is needed 
aftei the fiist tube With piactice, one can titiate at least two tubes per 
minute mth less effoit and less chance of leading eiioi than in using a 
biuette and indicatois 


Results 

A pieliminai 3 '’ study showed that the test oiganisms being employed, 
^c Lactobacillus atahinosus 17-5, Stieptococcus faecahs R, Leuconostoc 
viescn (ci oides P-GO, and Lactobacillus delbi uecLii 3, n ould gi ow and pi oduce 
acid satisfactoiilj^ in these small volumes Uiidei the conditions used, 
incubation in an atmospheic of caibon dioxide and addition of cysteine, 
as lecommended (2) with L casei in the mici odetei mination of iiboflawn, 
V eie not necessai j'' when L aiabinosus i\ as used and leucine was the limiting 
amino acid Standard cui ves obtained \\ ith and without these pi ecautions, 
in all foul possible combinations, rveie supeiimposable Incubation in 
ail with no added cj^steine was also emploj’-ed mth the othei test oiganisms 
v ithout noticeable difficulties, due to this cause 
To test the applicability of the miciopioceduie, a senes of paiallel assays 
we 1 C made vnth the maciopioceduie (2 ml volumes) pieviouslj’' desciibed 
(4) and the miciopioceduie (0 2 ml volumes) desciibed above Tlie 
same hydiolysates, basal media, inocula, etc , weie used in both cases 
Samples and standaids weic set up in tiiplicate at each of five levels 
1 C shapes, slopes, and maxima of the standaid cuues obtained veie 
\ ei\ similai at the 2 volumes On the micio scale, titiations thus lange 
lom to a most 1 0 ml of 0 04 n alkali No consistent vaiiations uliich 
could be attiibuted to the diffei cnees in volume veie noted 

Ju' lesulls of soieial paiallel anahses of foui puiified pioteins foi 
till CO ammo acids aie shou n m Table I Similai paiallel assays at the 2 

10 limes weie conducted foi ten othei ammo acids The average values 

vaiiations among indnidual assays ucie 
uhn( Table I In geneial, vaiiations veie somc- 

of nnnK ^ ^ ^ dcteimmations Results 

11 n known mixtuie of ammo acids by the miciomethod vcie 

WtOi iiiolo ^ unable than those obtained inth the 2 ml assajs 

exceptions, such analvses gave values between 90 and IfO pei 
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Table I 

Leucine, Valine, and Threonine Values for Purified Proteins As 
Determined by Parallel Macro and Micro Assays 


The results are given m gm per 100 gm of protein * 


Protein 

Leueme 

Valine 

Threonme 

2 ml 

0 2 ml 

2 ml 1 

0 2 ml 

2 ml 

02ml 


Casein 

III 

9 5 

mm 

7 2 

4 2 

4 2 


IS 

10 6 


6 8 

4 1 

4 0 



9 9 1 

mm 

6 5 

4 2 

4 5 


10 1 

10 7 

7 2 

7 0 

4 1 

4 3 

Bovine serum albumin 

11 3 

11 5 

6 6 


6 3 

6 5 




6 6 


6 0 

6 4 

Edestin 

7 4 

7 2 

6 5 1 


3 4 1 

3 8 

Colostrum pseudoglobulin 

8 3 

8 5 

9 4 

10 2 

9 2 

10 1 




10 2 

9 1 

9 9 

9 8 


* Same proteins as described previously (4) The values are expressed on an ash- 
and moisture-free basis 


Table II 


A-mino Acid Composition of Purified Proteins As Determined by Macromethod and 

Mtcromelhod* 


Ammo aad 

Casern 

Bovine scrum 
albumin 

Edestm 

Colostrum 

pseudoglobulm 


2 ml 

0 2 ml 

2 ml 

02 ml 

2 ml 

0 2 ml 

2ml 

02ml 

Arginine 

3 8*^ 

4 V 

6 2* 


17 4' 

18 3' 

m 

m 

Aspartic acid 

7 4= 

7 5* 

11 1’ 

mm 

13 4' 

12 6' 



Glutarmc “ 

Histidine (Streptococcus 

21 7’ 

22 S' 

16 6^ 

17 0' 

19 4' 

19 71 


■ 

faecalis) 

Histidine (Leuconostoc 

2 8* 


3 6' 

3 8’ 

2 6= 

3 0' 

2 2' 

■ 

mesenteroides) 

3 0' 

3 2* 

3 7' 

HSO 

2 7' 

3 5' 

1 9' 

2 0' 

Isoleucine 

7 6’ 

8 3* 

3 O' 

2 8‘ 

6 5' 

6 91 

4 1' 

3 9‘ 

Leucine 


10 H 

11 8’ 

10 1' 

7 5' 

7 21 

s 31 

8 51 

Lysine 

8 1> 

8 9’ 

10 3’ 


2 1' 

2 4' 

6 1' 

6 9' 

Methiomne 

2 7® 

2 7'’ 

0 86' 

HB* 

2 1' 

2 1= 

1 H 

1 1' 

Phenylalamne 

5 5« 

5 4' 

6 5= 

6 8 

5 2' 

6 21 

4 3’ 

4 5' 

Proline 

11 6^ 








Threomne 

4 3*0 

4 3< 

6 2- 

6 4' 

3 7' 

3 9” 


10 0' 

Tyrosine 

6 2' 

6 6’ 

4 3' 

4 21 

3 7' 

3 71 



Valine 

7 2“ 

6 8' 

6 6* 

6 5’ 

6 6' 

6 21 

9 3' 

9 3’ 


* The values given are averages of the number of determinations shown in super- 
scripts All are expressed as gm of ammo acid per 100 gm of dry, ash-free protein 
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cent of the ammo acids added, as compared ivith the 95 to 105 pei cent 
obtained when the largei volumes were used (4) ^Yith further lefine 
ment, greatei accuracy on the micio scale should be attainable 

SUMMARY 

A micro adaptation of an existing miciobiological procedure (4) for 
determining ammo acids is desciibed which utilizes 0 2 ml total volume 
Parallel assays for thirteen ammo acids in piotein hydiolysates by the 
macropiocedure and mici oprocedure indicate that, in most cases, the pre 
cision of the micro adaptation approaches that of the assay conducted at 
customary volumes The method does not involve changes in the pro 
cedure othei than those inheient m the change to a smaller volume 
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VIII TRYPTOPHAN AND ACETYLTRYPTOPHAN 
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In a previous publication (1) we expressed the opinion that, with the 
exception of a 5 per cent unnary loss, all of the orally administered acetyl- 
Dii-tryptophan may be available to man Subsequently Luck, Boyer, and 
Hall (2) found that 70 to 83 per cent of mtravenously admmistered acetyl- 
DL-tryptophan was excreted unchanged m the unne withm 6 hours of the 
mjection These findmgs led them to the conclusion that mtravenously 
administered acetyl-L- and acetyl-n-tiyptophan are not utihzed by man 
The divergent conclusions reached m the two studies may be the result 
of (a) differences m chemical charactenstics of the assay methods employed 
or (6) differences ansmg from the routes of admmistration of the test sub- 
stances The w ide-spread practical and fundamental implications of the 
latter possibility prompted us to remvestigate the fate of orally adminis- 
tered acetyltryptophan by measurements of unnary metabolites m the 
adult and nitrogen balance and body w'eight changes m the mfant Our 
onginal contention that orally admmistered acetyl-DL-tiyptophan may be 
completely utilized by man received additional support from the failure to 
find by the colonmetnc methods of Luck and associates any mcrease of 
tryptophan values m the unne of subjects fed acetyl-L- or acetyl-UL- 
tryptophan Furthermore no trace of acetyltryptophan could be detected 
by application of their isolation procedures to these specimens directly or 
to 5-fold concentrates of the unnes Feedmg tiyptophan-deficient diets 
supplemented m turn for 4 day penods with l- or ni^tiyptophan and 
acetyl-L- or acetyl-DL-tryptophan to mfants disclosed that subnormal 
growth and N retention were induced m all three subjects only by the diet 
remforced wuth DL-tryptophan This additional evidence of the utihzation 
of ac’tyl-L- and acetyl DL-tryptophan mdicates beyond a doubt that the 
metabolic fate of these substances may be drastically affected by the 
manner of admmistration 

• The work descnbed in this report was supported by grants from the Rockefeller 
Foundation, the National \ Livestock and Meat Board, and Mead Johnson and 
Company 
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EXPERIMENTAL 

Commeicially available L- and DL-tiyptophan (Meick), containing 135 
and 13 6 pei cent N respective!}'-, v eie employed in these expeiiments The 
necessary acetyl deiivatives of the compounds weio obtained in good yields 
by the method of du Vigneaud and Sealock (3) and the mtiogen content and 
specific lotation of the pioducts found to be m good accoid vith the 
accepted values 

Exaehon Expenments — As m the pievious studies adult subjects i\ere 
given 0 01 mole (2 46 gm ) of acet3d-L- oi acetyl-DL-tiyptophan in 240 cc 
of atei The mines Avere collected and pooled foi the succeeding 24 hours 
and analyzed subsequent to adjustment of the pH to 3 with dilute HCl It 

Table I 

Unnary Output of Some Aromatic Metabolites for 24 Hour Period Following Oral 
Administration of 0 01 Mole of Acetyl-h- or Acelyl-nh-trypiophan 

Subject A, male, 70 kilos 


Substance fed 

Acetyltryptophan* 

1 

1 

Tree 

phenols 

N> Methyl 
nicotinamide 

Phenol 

reaction 

Aldehyde 

reaction 



ms 

ms 

ms 

None 

1710 

100 

546 

10 3 

Acetyl-L-tryptophan 

1722 

105 

450 

9 1 

Acetyl-DL-tryptophan 

1790 

no 

545 

8 2 


Acet 3 ’’l tryptophan was determined by the method of Albanese, Fiankston, and 
Irby (1), free phenols by the proceduies of Marenzi (4) and Schmidt (4), and N‘ 
methylnicotinanude according to Huff and Perlzweig (5) 

It 13 to be noted, as Luck and associates have pointed out, that the reactions 
vhich thej employed aio not specific for acetyltryptophan Moreover, the high 
phenol leaction \alue found is not as excessive as it appears vhen the number of 
urinary substances which react positivelj' with the Folin leagent are considered (6)> 

IS appaient fiom the typical data shown in Table I that the ingestion of 
either isomei of acetyltiyptophan did not incieasc the titei of aiomatic 
metabolites of the mines above the control levels as measmed by the pro- 
cedmes desenbed by Luck and his associates This finding and the fact 
that acetjdtivptophan could not be isolated fiom the mines by the method 
desenbed by these authois Avould seem to support the view that orally 
‘idministeied acetyl-L- oi acetyl-DL-tiyptophan may be utilized by man 
The analyses of these urines for free phenols by the method of Maienzi (4) 
and Js»-methTlnicotmamide by the procedure of Huff and Perlzweig (5) 
indicate that neither isomer of acetyltryptophan is conveited to these sub- 
stanco'5 This is of mteiest m viev of the ready metabolic com^ersion of 
i^trAptophan to pyridine derwatives lepoited by otheis (7) 
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Nitrogen Retention and Growth Experiments — ^In a previous report (8) we 
have shovn that the infant can be maintained m nonnal growth and 
mtrogen letention on a complete diet nhich supphes a mmimum of 40 mg 
of D-tr 3 'ptophan per kilo of body w eight pei day With this mformation on 
hand, v e felt that the availability of the derivatives foi the suppoit of these 
body functions at normal levels could be deteimmed by supplementmg the 
trjTitophan-deficient diet v ith equivalent amounts of acetyl-L- or acetyl- 
DL-ti^’^ptophan The biological \ alue of the d component of racemic tiypto- 
phan V as also tested by this techmque 

The obseivations reported heie were made on three normal healthy male 
infants vho v ere given the synthetic diets m five feedmgs daily at the rate 
of about 100 calories pei kilo of body i\ eight They m ei e also given 50 mg 
of ascorbic acid and 15 drops of oleum percomorphum daily The diet 
penods vere of 4 days duiation and nere consecutive The subjects were 
immobilized by the use of abdommal lestiamts and 24 hour specimens were 
collected by means of adapters m bottles contaming 10 cc of 15 percent 
(by volume) HCl and 1 cc of 10 per cent alcoholic thymol The feces were 
collected m 19 cm porcelain evaporating dishes held in place by especially 
constructed mattresses and accumulated under refngeiation for each period 
m jars contammg 200 cc of 70 per cent alcohol The infants n ere weighed 
daily durmg the course of the expenment 

The composition of the diets employed for the assay is shown m Table II 
These were made to contam approximately 100 calones per 100 gm and 
have the follov ing percentile caloric distribution protem 14, fats 36, carbo- 
hydrate 50 The protein moiety of the tryptophan deficient diet ivas 
prepared by sulfuric acid hydrolysis of casern as pieviously described by us 
(9) In order to impi ove the cystme-poor charactenstic of this preparation, 
the final product vas lemforced nith 1 pei cent D-cystme of the piotein 
content estimated as N X 6 25 Owmg to uncertamties regarding the com- 
plete human requirements of B complex vitamms, brewers’ yeast nas 
employed instead of a mixture of the synthetically available vitamms The 
amount of L-tryptophan derived from this souice appears to be approxi- 
mately 6 mg per gm (10) Thus the quantity of D-tryptophan provided by 
the diets pei kilo of body weight can be loughly estimated (Table II) The 
final nitiogen content of each batch of diet was determmed by micro- 
Kjeldahl analysis 

The nitrogen retention data were obtamed from the results of micro- 
Kjeldahl analyses of the daily 24 hour urme collections, penod pools of the 
feces, and daily N intake as computed from the consumption record and 
nitrogen content of the diet 

The data thus obtamed are collected m Table III and shon that only 
Diet B failed to mamtain nitrogen retention and body v eight gam at the 
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Table II 


Composition of Diets 


Constituents 

Diet A 

DIctB 

Diet C 

DietD 

DietE 


snt 

tm 

tm 

Zm 

tm 

Acid-hydrolyzed casein* 

3 4 

3 4 

3 4 


34 

L-Tryptophan 


0 

0 


0 034 

DL-Tryptophan 



0 

0 

0 

Acetyl -L-tryptophan 


0 

0 048 

0 

0 

Acetyl -DL-try ptophan 

0 

0 

0 


0 

L-Cystine 



0 035 


0 03o 

Brewers’ yeast 



1 0 

1 0 

1 0 

Olive oil 



4 0 

4 0 

40 

Dextri-maltose No 2t 

9 6 

9 6 

9 6 

9 6 

96 1 

Arrowroot starch 

2 3 

2 3 



2 3 

Salt mixturej 

1 6 

1 6 

1 6 

1 6 

16 1 

Water 

78 0 

■Kiln 

78 0 

78 0 

78 0 1 

Total 

100 0 

m 

100 0 

100 0 


Estimated L-tr 3 ''ptophan content, nig 

69 0 

26 0 

26 0 

26 0 

40 0 


* N X 6 25 = gm of protein 

■f Kindly supplied by Mead Johnson and Company 

J The salt mixture employed had the following composition (measured in gm ) 
FeSO< 0 9, NaCl 6, calcium gluconate 48, Ca(OH). 12, KHsPO« 7, KCl 6, MgO 0 1 

Table III 

Effect of Optical Isomers of Tryptophan and Acetyllryplophan 
on Nitrogen Retention and Body Weight of Infant 

The supplements w'ere adinimstered per kilo of body weight All results given 
as daily averages 


Initial weight and 
age of subject 

! 

Diet A 

Diets 1 

DietC 

Diet D 1 

Diets 

S3 mg 
L-tryp- 1 
tophan 

40 mg 
DL-tryp- 
tophan 

1 

48 mg 
acetyl- 
DL tryp- 
tophan : 

48 mg 
acctjl 

L tn’p- 
tophan I 

J4 mg 
t-tryp- 
tophan 

R M , cf, 7 

N intake, gm 

2 90 


1 

2 94 

2 96 

2 00 

mos , 5 409 

“ retention, vig per kg 

160 

96 

132 

136 

120 

kilos 

Weight change, gm 

+18 

! -9 

+16 

+19 

+14 

D C , o’, 13 

N intake, gm 

! 3 14 


3 12 

3 10 

3 14 

mos , 7 347 

“ retention, mg per kg 

146 

1 60 

164 

127 

140 

kilos 

Weight change, gm 

+16 

+4 

+18 

+20 

+20 

H G , o’, 10 

N intake, gm 

3 54 


3 48 

3 46 

3 64 

mos , 7 418 

“ retention, mg per kg 

130 

66 

! 120 

132 

148 

kilos 

Weight change, gm 

+15 

+3 

+12 

+18 

+23 


let els attained on Diet A Since the grotving oigamsm is normally id d 
state of high nitrogen retention, a fall from the level characteristic of the 
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individual must be given the same interpretation as the mducement of a 
negative nitrogen balance m the adult, namely, that, unlike acetyl-n- and 
acetyl-DL-trjTitophan, the n component of DL-tr3T)tophan is not utilized by 
man This inference is further corroborated by the variations m body 
v eight changes induced by the diets These findings would seem to 
strengthen the deductions previously made from measurements of urmary 
products regardmg the metabolic fate m man of n-tryptophan and both 
isomers of acetyltryptophan 


Commenis 

It 18 evident from our previous and present observations and those of 
Luck and coworkers that the amount of acetyltryptophan utihzable by man 
13 dependent m a large measure on the mode of admmistration The poor 
utilization of intravenously admmistered acetyltryptophan may be ascribed 
to tvi o prmcipal causes, (a) the parenteral route by passes some enzyme 
system present m the mtestmal walls which can convert both optical 
vaneties of the tiyptophan derivative to utihzable indole substances, or 
(b) the rapid excretion of the mjected compounds from the circulatory 
system mto the urine precludes the action of any convertmg mechanism 
which the blood may contam The latter possibihty would seem more 
plausible in view of the fact that Luck and his collaborators were able to 
isolate unresolved racemic acetyltryptophan from the urme of their 
subjects 

The fact that the oral admmistration of acetyltryptophan, unlike n- 
tryptophan (6) does not cause an increase m the output of N*-methylnico- 
tmamide is of mterest and is bemg further mvestigated 

SUMMAKT 

The earlier suggestion that orally admmistered acetyltryptophan is 
utihzed by man has been strengthened by new measurements on the aro- 
matic components of the urine Additional support for the view is denved 
from body weight and N retention data obtained with mfantsmamtamed 
on diets m which the acetyltryptophan isomers constituted the major 
source of tryptophan The n component^of nn-tryptophan does not seem 
available for these functions 
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Expemnents designed to demonstrate balance between the amount of 
creatme mgested and the amount retamed or excreted as creatme and 
creatmme have so far failed m their purpose The results of such studies 
have led to the opmion either that there js an end-product of creatme other 
than creatmme or that the synthesis of endogenous creatme is retarded by 
exogenous creatme (1) 

We have remvestigated the question of creatme balance by means of 
isotope methods Bj’’ labehng the tissue creatme of a human subject with 
N^® it has been possible to obsenm the changes m the amount of creatme 
deposited m the body aftei the mgestion of non-isotopic creatme At 
the same time, the relationship between the amount of creatme present 
m the tissues at any time and the amount excreted as creatmme has been 
studied Fmally, the rate of turnover of body creatme was measured 
before and after the administration of exogenous creatme 

Bloch, Schoenheimer, and Rittenberg (2) have shown that the creatmme 
excreted in the urme of rats fed isotopic creatme while subsistmg on a 
creatme-free diet must have been denved from bodj’’ creatme, smce the 
concentrations of N*® m the creatmme and the muscle creatme were iden- 
tical Experimental confirmation through the use of deutenocreatme 
has been pronded bj’’ du Vigneaud and his collaborators (3, 4) In new of 
these obsenmtions w e hai e used the isotope concentration of the creatmme 
isolated from the unne of the subject to calculate changes of bodj’’ creatme 

EXPERUEENTAL 

Isotopic Creatine — Isotopic creatme was sjmthesized from glj’’cme con- 
tammg 31 5 atom per cent excess N'® by the methods descnbed by Bloch 
et al (5),* N*® found, 10 3 atom per cent excess, N^® calculated, 10 5 atom 

* Alexander Brow n Co\e Memonal Fellow, Department of Internal IMedicine, 
Yale University School of Medicine 1946-47 

t James Hudson Brow n Memonal Research Fellow 

' We wish to thank the American C 3 ananud Companj, Stamford, Connecticut, 
for their generous supplj of cj anamid 
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per cent excess; H 2 O of hydration found, 12 01 per cent, H 2 O of hydiation 
calculated, 12 06 per cent^ The non-isotopic creatine used was reci^s 
tallized c p creatine obtained from commeicial souices, H 2 O of hj-dration 
found, 12 10 pei cent 

Isolation Pwcedure — Cieatinine was isolated from uiine according to the 
method of Benedict (6) The reciystallized cieatinine zinc chloiide was 
treated overnight with 10 per cent barium hydroxide solution undei reflux 
After removal of baiium as the sulfate, sarcosine was isolated as the toluene 
sulfonyl derivative Two recrystallizations from water assured purity of 
the product as determined by the melting point The isolation of toluene 
sulfonyl sarcosine avoided dilution of isotopic nitrogen by non-isotopic 
amidme nitrogen 

Analyses — ^Unne analyses foi cieatme and creatinine were performed by 
the method of Peters (7) TJiine was collected daily throughout the entire 
experimental period Usually 4 day pools were analyzed for creatme and 
creatmme On the 5th day separate aliquots were taken for these analyses 
and for creatmme isolation 1 ml of 10 per cent thymol m ethanol vas 
added to the bottle used for each day’s collection 
Analyses for guanidoacetic acid were earned out accoidmg to the method 
described by Hoberman (8) 

We are greatly indebted to Di D Rittenberg of the Department of 
Biochemistry, Columbia Umveisity, for his kmdness in peimittmg one of us 
(H D H ) to cany out N’® analyses m his laboratory 
Diet — 10 days before the mgestion of isotopic creatme, the subject 
(E A H S ) was placed on a diet free of meat or meat products Milk 
consumption ivas limited to 250 ml per day On an intake of 90 gm or 
more of protein and of 2500 caloiies or more per day, the subject was able to 
maintain his weight (63 kilos) to within 1 kilo 
Creatine Ingestion — 1 295 gm of N*® creatine (20 mg per kilo) were 
dissolved m 500 ml of wmtei and taken m equal doses every 30 minutes for 
10 hours Urine collection, begun at the time of mgestion, was terminated 
in 24 hours No detectable creatmuria was found Each day thereafter 
for 38 days urine was collected and treated as described under “Analyses ’’ 
On the 39th day the N“ content of the body creatme wms raised by the 
mgestion of 1 16 gm of guanidoacetic acid containing 30 5 atom per cent 
excess N^® m the glycine moiety During the 10 days w^hich follow'^ed urine 
was collected as usual, and treated in the manner described under 
“Analyses ” On the 11th day following the mgestion of N*® guanidoacetic 
acid, the mgestion of non-isotopic creatme was begun 
27 33 gm of creatme hydrate (24 00 gm of creatme) were dissolved m 2 

’ Calculated for 10 3 atom per cent excess 
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liters of water On each day for 5 consecutive days 400 ml of the solution 
described above (4 8 gm of creatme, 75 mg per kilo) were consumed 
The creatme was taken m equal portions at 30 mmute mtervals from 7 
A M until 11 p M The urine of the 3rd, 4th, and 5th days contamed re- 
spectively 0 15, 0 52, and 0 81 gm of creatme, mdicatmg that 94 per cent 
of the dose had been retamed Creatme did not appear m the urme after 



Fig 1 Rate of turnover of body creatine on a creatme-creatimne-free diet A = 
the extrapolated value of the log of the N'® concentration for mixing at zero time, 
B = the extrapolated value of the log of the N'® concentration at the end of the day 
of creatine ingestion 

the 5th day of this experiment Analyses for creatme and creatmme and 
analyses of the urmary creatmme foi isotope were earned out as desenbed 
under “Analyses” for a penod of 28 days 

Results 

Creatme Turnover on Creahne-Free Dtei — In Fig 1 is a semiloganthmic 
graph of the data obtamed after the mgestion of the isotopic creatme 
That the slope of the straight Ime obtamed is equal to the rate of turn- 
over of body creatme may be proved as follows 
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Consider the addition of X gm of isotopic cieatine to G gm of non-isotopic 
body cieatme Provided that X is much smalloi than G, 

100 G 

wheie C is the isotope concentration in atom pei cent excess of the miv-ture 
Piovided that the late of uptake of newly synthesized cieatme is equal to 
the late of loss of creatme as cieatinme, G may be tieated as a constant, and 

100 dt~ O dt 

After ingestion, absorption, and mixmg of the isotopic cieatme aie com 
plete, 

dX e 
( 3 ) 

That IS, the late of loss of isotopic cieatme is equal to the numbei of gm 
per day of cieatme, e, excreted as creatmme, multiplied by the fi action 
present as the isotopic compound Then 



and mtegiated fiom i = 0, and C = Co 
( 6 ) 

e/G lepiesents the fraction of cieatme synthesized and excieted per day 
This IS the slope, I, of the curve of Fig 1, and is computed to be 0 0164 
pel day Smce the aveiage daily output of cieatmine duimg the exper- 
imental pciiod was 1 89 gm of cieatme (1 63 gm of cieatinme), the total 
creatine content, G, of the subject is 1 89/0 0164 = 115 gm A check on 
this figure is obtamed bj'’ calculating the total creatme content from the 
isotope concentiation if mixmg had occuned at zero time This concentra- 
tion IS obtained b}'^ extrapolation of the cuiwe of Fig 1 to zero time Point 
A IS equivalent to an isotope concentration of 0 376 atom pei cent excess 
As shoiin beloAv, 97 per cent of the isotopic creatine vas retained, so that 
0 97 X 1 295 = 1 26 gm of creatme were available foi mixing v ith the 
creatme of the body tissues Then (? = (31 5 X 1 26/(0 376)) - 1 26 = 
105 gm m good agreement with the quantity calculated above 
It -w ill be noted that creatme is tinned ovei somen liat moie slon Ij^ m the 
human than in the rat The time of 50 per cent tiunovei calculated fiom 


HOBERMAN, SMS, AND PETEItS 


49 


ii — 2 3/^ log 2 IS 42 days, m companson with 29 (2) and 36 days (4) re- 
ported for the rat 

In order to determine to ■v\hat extent degradation of the admmistered 
cieatine had occurred, ammonia and urea were isolated from the urine 
collected durmg the day of ingestion The isotope concentrations of these 
compounds and of the stool nitrogen of the first 2 experimental days are 
tabulated belon (Table I) 

Ammonia was isolated by adsorption on and distillation from permutit 
Uiea n as isolated as xanthydryl urea 

From these data it appears that 3 per cent of the creatme given can be 
accounted for m nitrogenous substances other than creatmme 

Creatine to Creatinine Transformation — ^Particularly because the isotope 


Table I 

Concentration of N'^’’ in Urinary Constituents and in Stool Nitrogen after 
Ingestion of Isotopic Creatine 


Substance ^ 

N j 

N'® concentration 
atom per cent ' 
excess 

1 

N®* creatine 

Ammonia 

mg 

105 

0 013 

mg 

0 42 

Urea 


0 

* 

Stool 1 

1320 

0 042 

17 0 

“ 2 

2000 

0 028 

17 1 


* Had as little as 15 mg of the ingested creatine been degraded to urea, a measura. 
ble excess of would have been found in the presence of 10 gm of urea nitrogen 


concentiation of the urine cieatinme has been used to calculate changes m 
the amount of body creatme, it is necessaiy to show that there is little or no 
conversion of cieatme to creatmme until the former has become imxed with 
the creatme of the body That this is the case under the conditions of the 
experiment described is mdicated by the follovmg analysis By extra- 
polation of the curve of Fig 1 to Point B, the concentration of the 
creatmme excreted at the end of the first expenmental day was 0 324 atom 
pei cent excess The isotope concentration of the creatmme excieted dur- 
mg this day A\as the aveiage of values between 0 and 0 324 atom per cent 
excess Smce the isotopic creatme was mgested at a constant rate over a 
10 houi penod, it may be assumed that durmg this period the isotope con- 
centration m the cieatinme averaged approximately one-haK of 0 324 atom 
pel cent excess, or 0 162 atom pei cent excess Foi the remamder of the 
day the isotope concentration of the creatmme averaged approximately 
0 324 atom per cent excess The average concentration for the entire day’- 
ll as, therefore, 0 162 X 10/24 -1- 0 324 X 14/24, or 0 255 atom per cent 
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excess The observed concentration, 0 226 atom per cent excess, is, there- 
fore, too low to mclude creatmme foimed by conversion of the administered 
creatme before mixing had been attained Moreover, if all of the isotope in 
the creatmme excreted durmg the fiist experimental day had been denved 
from the isotopic creatme before dilution occurred, only 1 per cent of the 
amount given would have been required to pioduce the observed 
concentration 

Bloch and Schoenheimer (5), tieatmg their data m a similar manner, 
found that the isotope concentration of the creatmme isolated from the 
urine of rats fed isotopic creatine was somewhat higher than the calculated 
value Approximately 2 pei cent of the ingested creatme may have been 
conveited to creatmme before dilution ivith all of the body creatme had 
occurred 

Effect of Exogenous Creahne on Txirnover — Once creatme has been 

deposited m the tissues of the body and the rate of replacement of body 
creatme has been determmed m the manner described, the effect of ex- 
ogenous creatme on the turnover may be studied by measurmg the dilution 
of isotope resultmg from the ingestion of the non-isotopic substance 
The changes m the concentration of the creatmme excreted during 
and after the ingestion of 24 gm of non-isotopic cieatine are shown in 
Fig 2 became rapidly diluted durmg, and for 2 days after, the in- 
gestion peiiod A marked deciease m slope folloxved, with return to the 
origmal late of dilution appioximately 17 days after the start of the ex- 
peiiment The significance of these changes becomes clearer xx'hen the 
concentrations and coiiespondmg times are used to calculate the total 
body creatine by means of an equation developed as folloxvs 
The complete differential of equation (1) xvith respect to time is 

(6) 100 di^ ^ di ^ dt 

(? 

By substituting the value of X from equation (1) and of dX/dt from equa- 
tion (3), and by simplifymg, 

(y) dlnC e din G 

dt ~ g'^ dT' 

If it is now assumed that e/G = k, or, m other terms, that the amount of 
creatme excreted as creatmme is proportional to the total amount of crea- 
tme m the body, equation (7) may be integrated betw^een i = 0, and i, 
Co, and C, and Go and G to yield 

(S) 

c 
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By letting Co = 0 356 atom per cent excess,’ G’ = 115 gm , and A. = 0 0164 
per day, the values of G have been calculated for the obser\’’ed values of 
C and t (Table II, Column A) 

These are compared v ith the values of G which m ould have resulted if all 
of the mgested creatme had been deposited m the tissues of the body (less 
the 1 5 gm excreted m the unne), and if the synthesis and uptake of en- 
dogenous creatme had been independent of the amount of exogenous 



Pig 2 Changes in the concentration of urinary creatinine during and after 
the ingestion of 24 gm of non-isotopic creatine 

creatme (Table II, Column B) Under these circumstances the changes m 
body creatme are described by the followmg differential equation 

f'ol (f(7 

= a + 6 - 
at 

where a = gm of exogenous creatme deposited per day, b = gm of en- 
dogenous creatme deposited per day, A = fraction of total creatme ex- 
creted as creatinine per day, and G = gm of body creatine The mtegrated 
expression from t = 0, and G = Co is 

(10) G = - e-*«^ + Co e-‘' 

* This IS the content of the tissue creatine on the 10th day after ingestion of 
Nn guamdoacetic acid It should also be mentioned that, during the 10 daj s follow - 
ing the ingestion of N'® guamdoacetic acid, the rate of turnover of body creatine 
was identical with that found during the antecedent 38 day period 
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With A, = 0 0164 pel day, Go = 115 gm , o = 4 8 gm per day Qess the 
amounts lost m the urine on the 3id, 4th, and 5th days), and 6 = 189 
gm pel day, G has been calculated fiom A = 0 to / = 5 Fiom t = 6to 
i- 27, G has been calculated foi a = 0, with Go = G for t = 5 
From the lesults in Table 11 it is evident that the uptake of exogenous; 
creatme fell shoit of the calculated amount W^ieieas the application of 
equation (10) leads to an expected uptake of 22 gm of the 24 gm admin 
isteied, the observed mciease was onlj’' 13 gm , 59 pei cent of the calculated 
maximum 

A second notewoithy difference between the data listed in Columns A 
and B, Table II, is the late of deciease of body creatme Wliereas ap 
proximately 10 days weie requned for the tissue cieatine to fall from 128 

Table II 


Changes in Body Creatine, during and aftei Ingestion of 24 Gm of Non-Isoloptc 

Cl eatine 


Tune 

Ni' concentration, 
atom per cent excess 

Total creatine, obserr ed 

(A) 

Total creatme, calculated 
(B) 

days 



tm 

0 

0 356 

115 

115 

3 

0 316 

123 

129 

5 



1 137 

6 

0 291 

128 

1 

7 

0 285 

128 


10 

0 277 

126 

136 

12 

0 276 

122 


17 

0 260 

119 

133 

22 

0 241 

118 

132 

27 

0 221 

119 

130 


to 119 gm , 73 da3’’s vould have been lequiied foi the same loss to have 
occuired according to the conditions necessaiy for the application of equa- 
tion (10) It should be mentioned that the appaient deciease in body 
creatme occuiied vith no associated increase m the amount of cieatinm^ 
excieted 

It should also be pointed out that not only did the deposition of creatme 
contmue to appear, albeit at a decieasmg late, m the presence of an mcreas- 
ing cieatmuria but also after the last dose of exogenous creatme had been 
admmisteied 

Cicalimnc Exaction — Giaphical mtegration of the data m Table lb 
Column A, permits calculation of the average creatmme excretion ac- 
cording to 


( 11 ) 


IG 
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i-ttheie e is the a\eiage cieatinine excietion (expressed as gm of creatine) 
and G is the aveiage body creatine content, the integration being per- 
formed ovei the 27 day experimental period By this method e m as cal- 
culated to be 2 00 gm per day 

; The aveiage cieatmine excretion which u ould be expected to result from 
the increase in body creatme calculated by means of equation (10) can be 
directly computed, since 

1 r* 

(12) e = - / G dt 

Soiling equation (12) and substituting in equation (11), ve find the aver- 
age creatmme output (expressed as gm of creatme) to be 2 20 gm per day 
This is in contrast vith the observed aveiage creatmme excretion, which 
M as equivalent to 2 05 gm of creatme, in good agreement u ith the 
amount calculated bj'’ graphical mtegration of the isotope dilution data 

Creatine to Creatinine Transformation — Although the direct convereion of 
cieatme to creatmme vas shoun to be improbable for the experiment m 
i\ hich a relatively small dose of isotopic creatme v as given, it has not yet 
been proved that this holds true under the conditions of the experiments 
just described The possibility of direct convei-sion should increase with 
the concentration of creatme m the serum, and therefore durmg creatmuna 
Actually, although the excretion of creatme dunng the 4th and 5th days of 
creatme ingestion ivas almost 10 times as gieat as its excretion dm mg the 
first 3 days, the rate of dilution of the isotope v as greater durmg the first 
3 than it was for the second 3 days 

Effect of Creatine Ingestion on Excretion of Guanidoacetic Acid — The 
differences encountered between the amounts of creatme calculated from 
isotope dilution data on the one hand and from equation (10) on the othei 
and the discrepancy between the obsenmd and calculated excretion of 
creatmme indicate that the assumptions upon which the validity of equa- 
tion (10) depends are questionable In order to test the possibility that 
exogenous creatme influences the late of s 3 Tiihesis of creatme, the excretion 
of guanidoacetic acid m urine was measured befoie and after the ingestion 
of creatme It was leasoned that any retardation of the synthesis of 
creatme might be reflected in an increase of the excretion of guanidoacetic 
acid, the immediate precursor of creatme (9) 

That the amount of guanidoacetic acid excreted m the urme mcreases 
after creatme mgestion is seen m Fig 3 Oial tolerance to guanidoacetic 
acid IS low ered significantly w hen the guanidoacetic acid is ingested w ith 
creatme This is illustrated m Fig 4, w hich show s the amount of guan- 
idoacetic acid excreted m 24 hours when 2 5 gm of cieatme were taken 
alone (A), when 1 5 gm of guanidoacetic acid were taken alone (B), and 
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Fig 3 Escretion of guanidoacetic acid during creatine ingestion The orrowj 
denote the dose of 4 8 gm of creatine per day 



2 4 e 8 10 12 14 

TIME IN DAYS 


Fio 4 Excretion of guanidoacetic acid when (A) 2 5 gm of creatine ingested 
alone, (Z?) 1 5 gm of guanidoacetic acid ingested alone, {€) 2 5 gm of creatine and 
1 5 gm of gunmdoacetie acid ingested together 


^\llen guanidoacetic acid and creatine were ingested together (C) The 
simultaneous ingestion of the two compounds increased the guanidoacetic 
acid content of the urme more than 100 per cent over the control value. 
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DISCUSSION 

Creatine Balance — The present study shows that exogenous creatine may 
be completely accounted for neither m an increase of body creatine nor by 
extra creatmine excreted Creatme apparently disappeared not only dur- 
mg the penod of ingestion, but also durmg the subsequent 10 days Any 
smgle theoiy proposmg to account for the facts would have to be equally 
applicable to both events For example, any argument based upon m- 
completeness of absorption of the mgested creatme to account for the loss 
mcurred durmg the mgestion period could not apply to events which trans- 
pired durmg the post-mgestion period Similarly it would be difficult to 
account for the observations described on the theory that creatme was 
destroyed, smce the destructive process would be required to apply to 
substrate both before and after deposition Tracer studies have shown that 
m the rat destruction of creatme is improbable After daily doses of N*® 
creatme 50 per cent greater m amount than the normal daily turnover, no 
important metabohc end-product of creatme other than creatmme could be 
demonstrated (2) Among the conditions upon which the vahdity of 
equation (10) depends is the stipulation that the rate of synthesis of en- 
dogenous creatme is mdependent of the amount of exogenous creatme 
The results of the experiments described are more compatible with the 
hypothesis that the synthesis of creatme is retarded by, or in the presence 
of, exogenous creatme Such a process would yield the results observed 
here 

The mcrease m the excretion of guanidoacetic acid after creatme ad- 
mmistration accounts at best for only a few per cent of the admmistered 
matenal Unless another metabolic pathway exists for guanidoacetic acid, 
it would be difficult to accept the excretion of extra guanidoacetic acid as 
evidence for a theory of “backing up” of synthesis Evidence is at hand, 
however, which shows thgt creatme deposited m the tissues of the body 
after guanidoacetic acid is mgested accounts for only 70 per cent of the 
guanidoacetic acid given Significant amounts of N“ were found m the 
urea and ammonia of the urme After the mtravenous mjection of a 
similar amount of guanidoacetic acid the concentration of m the 
urmary ammonia and urea was equivalent to that found after mgestion of 
the compound ^ It is therefore apparent that m man a significant amoimt 
of guanidoacetic acid may enter mto reactions in mio other than conversion 
to creatme 

The nature of the retardation process can only be suggested at this time 
That the methylation of guanidoacetic acid is irreversible seems well 
estabhsbed (2, 10) There is, hov ever, a tjqie of chemical reaction which 
could account for the retardation of creatme synthesis on another basis 

* Unpublished observations 
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The paiticipation of cieatme in a competitive reaction is such a possibilit) 

It has lecently been shon n that the sjmthesis of cicatme fiom guanidoacetic 
acid and methionine may icquiie the piesence of adenosine triphosphate 
(11) It is conceivable that exogenous cieatme may act heie as a com 
petitive substiate foi adenosine tnphosphate, depriving the synthetic 
mechanism of a requisite high eneigy phosphate bond 

The presence of cieatme in especially high concentiation may letaid the 
methylation of guanidoacetic acid to such an extent that extia guanido 
acetic acid appeals in the mine When the degiee of inhibition is some 
what less, the accumulation of guanidoacetic acid may be prevented by a 
leveisal oi letaidation of the piocesses by which this compound is foimed 
These hypotheses aie now bemg investigated m this laboratoiy 

Ti ansfomiaiion of Cieahnc to Cicahmne — The non-enz5’'matic dephos 
phoiylation of cieatme phosphate to cieatmme has been demonstrated to 
take place in aqueous solution at a late sufficiently fast to account foi the 
amount of cieatinine foimed and excieted pei day'- (12) The results of the 
expeiiments desciibed m this paper are consistent vith such a theory of 
cieatmme formation, since they indicate that the amount of creatinine 
excieted per day is directly proportional to the amount of creatine piesent 
m the body The amount of cieatme, existing as phosphate, which must 
be piesent at any time, calculated from Boisook's data together vith oum, 
IS approximately 35 per cent of the total Since this is significantly loner 
than the actual amount piesent, it nould seem likely that Borsook’s value 
for the rate constant of the leaction cieatme phosphate — > creatinine is 
Ion ei ? n vivo than in vib o It is likely that his assumption of nieveisibility 
of the reaction cieatme phosphate — ^ cieatme + moiganic phosphate 
does not apply to the system in vivo, since the splitting of phosphocreatmc 
to cieatme is leveisible m muscle (13) It is also possible, honevei, that 
anothei ])iocess, as yet undesciibed, determines the rate of cieatmme 
foimation 

Rate of Cieatme Uptake — ^The spontaneous conveision of creatine to 
cieatmme, had it occuiied before mixing with the cieatme of the body and 
hud it taken place at the rate lepoited foi the reaction in viiio (12), could 
completely account foi the concentiation of the cieatmme isolated fioni 
the uiine collected dining the day of ingestion of isotopic cieatme The 
fact that this nas not the case is convincing evidence for a rapid rate of 
tuinoiei ol phosphocieatmc m the body The rapidity of this exchange 
has been lepeatcdly demonstrated nith ladiophosphoins as a tracer (14- 
10) That the apparent late of uptake of cieatme is determmed by the 
exchange of phosphate vithm cells or duiing the passage of cieatme acioss 
the cell membianc is theicfoie unlikely The fact that there vas con- 
tinued uptake of creatine m the piesence of mcreasmg cieatmuna as well 
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as after the cessation of creatine feeding is evidence, however, of the ex- 
istence of a rate-setting process involved in the deposition of exogenous 
creatine The isotope concentration of creatine isolated from the mtemal 
organs of rats sacrificed shortly after being fed creatme was approx- 
imately 15 per cent greater than that of the muscles (5) This observation 
IS consistent with the theory that the mtemal organs act as a reservoir for 
exogenous creatme The slow process observed might therefore be related 
to transportation of creatme between organs If the conversion of creatme 
to creatmme had taken place at the same rate m the mtemal organs as m 
muscle, the creatmme excreted would have the same isotope composition 
as if mteroigan mixin g had occurred Smce this was not the case, either 
the rate of conversion of creatme to creatmme m the mtemal organs was 
slower than the rate m muscle, or the transport of creatme from mtemal 
organs to muscle is late-determmmg Smce the minimal rate of con- 
version of creatme to creatmme is m all probabfiity the non-enzymatic 
dehydration of creatme, which, it has been pomted out, was not detectable 
m our experiments, it is most probable that the process which determmes 
the rate of mixmg is related to the tranqiortation of creatme between 
organs 

That there are at least two reservoirs for creatme, one expansible (muscle) 
and the other of relatively limited capacity (hvei, kidneys) is likely m view 
of the fact that the deposition of creatme contmued durmg mcreasmg 
creatmuna Creatmuria, it would foUow, occurs when the rate of fillin g 
of the resenmu of limi ted capacity exceeds the rate of transport of creatme 
to the moie expansible one That the deposition of creatme contmued 
after the cessation of creatme mgestion might well be due to the transport 
of creatme from the filled reservoir (hver, kidneys) to the imfilled one 
(muscle). The process or processes mvolved m mterorgan mixing cannot 
be identified at this time That the observed rate of mixmg is slower than 
the speed of circulatoiy transmission can be calculated It is suggested 
that the step which determmes the rate of mterorgan mixing may be con- 
cerned with the reaction m muscle, creatme (extracellular) creatme 
(mtraceUular) It is also suggested that this step may depend upon the 
qieed of uptake or the availabihty of morganic phosphate 

SUMMARY 

By labehng the tissue creatme of a human subject with the changes 
m the amount of creatme deposited m the body have been observed before 
and after the mgestion of a large dose of the non-isotopic compound It 
was found that the rate of turnover of endogenous creatme on a diet as free 
of creatme and creatmme as possible is 1 64 per cent per day 

Balance could not be demonstrated between the amount of creatme 
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retained and the amount actually deposited m the depot, or excreted as 
extra creatmme To ex^ilam these observations it is suggested that the 
synthesis of endogenous creatme is retarded m the presence of exogenous 
creatine 

The amount of creatmme excreted daily was shown to be directly pro- 
portional to the amount of creatme m the body 
The uptake of creatme by muscle takes place at a measurable rate The 
processes which may be mvolved m determming this rate are discussed 
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NUCLEIC ACIDS AS GROWTH FACTORS IN DROSOPHILA 
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School, Boston) 
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Investigators ha\ e been trying for many years to obtam a chemically 
defined medium v hicli mil support the grotrth of msects There were two 
mam reasons for this search Some men -were mterested m it as a problem 
m comparative nutrition, and many interesting differences between verte- 
brate and insect requirements have come to light (cf Trager’s review (1)) 
Geneticists vere mterested in obtaming a constant, defined medium for 
exact studies of gene expression, since the expression of many of the genes 
of Drosophila, Ephesha, and other msects vary with the nutritional state of 
the animal The work of Beadle and Tatum (2) on the biochemical mu- 
tants of A^eurospora has given added impetus to the search, smee a chemi- 
cally defined medium would permit an investigation of similar mutants in 
Drosophila The requirements of insects for various substances have been 
worked out m several different studies salts (3), cholesterol (4), thiamme 
and nboflavm (5), and pyridoxme, pantothemc acid, and niacm (6) Fi- 
nally, Schultz et al (7) announced a chemically defined medium which would 
allow the growth of Drosophila m the absence of microorganisms Pupa- 
tion on this medium occurs in 8 to 9 days at 25° mstead of m 4 to 5 days on 
a yeast medium The water-insoluble fraction of yeast contams some as 
yet unidentified substance necessary for rapid development Ribonucleic 
acid was one of the components important for growth 
The present paper reports the effects of substitutmg various nucleotides 
and purme or pyrimidme bases for the ribonucleic acid m a formula essen- 
tially similar to Schultz’ 


Methods 

The medium was prepared m two parts (Table I) Solution A, contam- 
ing salts, agar, ammo acids, cholesterol, etc , was made up m 437 ml of 
water and stenhzed by autoclavmg at 15 pounds pressure for 20 mmutes 
Solution B, contammg the vitamms, was made up m 63 ml of water and 
sterilized by filtration thi ough a medium smtered glass filter These solu- 
tions were stored m the cold In makmg up the culture tubes, 3 5 ml of 
Solution A and 0 5 ml of Solution B were transferred by sterile procedures 
to each tube, and the two were mixed together thoroughly and then al- 
lowed to cool on a slant 
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Eggs ^^ele collected from half pint cultuie bottles mthm a 2 hour peiiod, 
P, ashed in insect-Rmger’s solution to lemove most of the adheimg 3^east, 
steiilized in 70 pei cent ethanol (8), and tiansfeiied steiile techniques, 
v.ith a platmnm loop and flaming, to the tubes containing the test medium 
This teclmique lesulted in steiilc cultuies in 95 to 97 pei cent of the tubes 
set up Results on the non-steiile tubes iveie omitted fiom the tables, 
since the}^ weie not compaiable to the steiile ones Ten to tuenty eggs 
neie placed in each tube containing 4 ml of food Tno to five tubes of 

Tablu I 

Chemtcalhj Defined Medium for Diosophila 


Solution A 


Agar 

7 5 

gm 

lOT.POl 

0 303 

gm 

Casein hydrolysate 

10 0 

it 

K 2 HPO 1 

0 303 

<( 

u-Cystinc 

0 2 

ft 

CaCli 

0 00645 

t( 

li-Tryptophan 

0 1 

(( 

FeSOi 7 H 2 O 

0 00645 

ft 

Cholesterol 

0 05 

it 

MgSOi 7HaO 

0 123 

t( 

Lecithin 

0 05 

it 

MnS04 4 H 2 O 

0 00645 

tt 

Ribonucleic acid 

0 5 

<( 

NaCl 

0 00645 

tt 

Sucrose 

25 0 

cc 

HiO 

437 

ml 


Solution B 


Biotin 

7 5-y 

Ca pantothenate 

3 

mg 

Choline 

10 0 mg 

Folic acid 

3 

tt 

p-Aminobenzoic acid 

10“ 

PyndoMne HCl 

1 5 

It 

Inositol 

21 0 “ 

Riboflavin ^ 

1 2 

it 

Niacinamide 

5 0“ 

Thiamine HCl ' 

0 75 

tt 



HjO 

63 

ml 


each medium foi each stock weie used Tlie tubes containmg tlie develop- 
ing flies ueio kept at 25^ and examined eveiy day 

Results 

Effects of SuhstiiuUng Nucleotides foi Ribonucleic Acid (RiNA)~0 5 gm 
of RNA was hydiolyzed by incubation wuth 5 ml of 1 KNaOHat 3S°foi 24 
houi'5 (9) It was then placed at 5° for 12 houis The solution was then 
neutiahzcd with 1 n HCl (wuth phenol red as indicatoi) and evapoiated to 
dnme^s in lacuo at looin temperatuie overnight The light tan poivdei 
obtained was added to a batch of Solution A in place of ribonucleic acid, 
■^toi lined by autoclaving, and tubes containmg 3 5 ml of tins solution and 
0 5 ml of Solution B weie piepared 

ihe robiilting giowth of Drosophila on tins medium compaied with 
mow th on tlie noimal medium containing RNA, measured by the length of 
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time required for pupntion 'ind h itching, is given m Table II The figures 
are the ucnige iminbei of d^^s fioin the time the eggs vere placed on the 
medium until puji itioii ocniiied and until the adults hatched The figures 
m parentheses are the langes foi those figuics In geneial, the flies grow 
as veil on the nucleotide medium is on the RNA medium Stocks of Bar 
and Double B ir (ei cs) grow a little bcttci on RNA, and stocks of four- 
pmted (legs) and tetraltcia (\nngs) gi on i little bettei on nucleotides All 
of the mutants de\clop a little more slowly than wild type on these media, 
just as they do undei noim il culture conditions mth com-meal, molasses, 
agar, and 3 cast The tcti alteia flies laised on RNA never hatched out but 
died as pupae With all the stocks on all the media tiled, there usually was 


Table II 

Groiclh of Drosophila on Ribonucleic And and on Nucleohdcs from Hydrolyzed 

Ribonucleic And 


Stocl.* 

^^cdlUInvrlth ribonucleic acid, 

1 ms per ml 

Wedium With nucleotides 

1 mg per ml 

Ere pupa j 

Ere adult 

Ere pupa 

Err adult 


1 

da^s 

days 

days 

days 

Wild 

10 3 (9-13 )t 

14 5 (13-16) 

10 9 (10-12) 

14 2 (14-15) 


13 2 (12-15) 

17 3 (16-18) 

13 1 (12-14) 

17 0 (16-18) 

B 

10 5 (9-13) 

14 9 (14-16) 

11 7 (10-13) 

15 8 (14-17) 

BB 

10 0 (10-12) 

15 3 (15-17) 

12 1 (11-13) 

16 2 (15-17) 

ds 

13 2 (11-15) 

16 3 (15-18) 

13 2 (11-15) 

16 4 (15-18) 

fj 

12 9 (11-15) 

16 1 (15-18) 

12 1 (11-13) 

16 0 (15-17) 

S8“ 

11 5 (10-13) 

16 4 (14-17) 

1 11 S (11-13) 

16 1 (15-17) 

lei 

17 0 (16-18) 


14 2 (12-16) 

17 2 (16-18) 


* ip, vestigial Bings, B, Bar eyes, BB, Double Bar eyes, ds, dachsous (short) legs, 
four-join ted (short) legs, ss^, anstapedia (antennae replaced by legs), (ei, tetral- 
tera (Bings replaced b^’’ halteres) 
t The figures in parentheses represent the range 


a considerable moitahty m both the larval and pupal stages, only about 70 
per cent of the laiwae pupated and about 40 pei cent hatched 
Effects of Suhsiiiuhng Put ines and Pynimdines—Thc purines and pyrimi- 
dines w'hich weie available ivere tested singly and in combmations as sub- 
stitutes for RNA in the medium In one set of experiments (Table III), 
sucrose was omitted from the medium and m another set (Table IV) sucrose 
u as added m normal amount It can be seen fi om Table III that the omis- 
sion of suciose lesults m a drastic reduction m the percentages of flies pupat- 
ing and hatching One Double Bar lanm w as able to pupate on a medium 
containing neithei sucrose noi nucleic acid aftei 21 days of lai val develop- 
ment, and it hatched on the 25th da 3 ’' This fly was the only phenocop 3 - 
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I 

obsen^ed in the course of the e\peiiments the eyes, instead of being much re- 
duced in size and bai-shaped as BB eyes noimally are, were larger, 
approaching ivild type m size, and were oval in shape 


Table III 

/ 

Growth of Drosoplnla on Media Containing Certain Purines and Pynmidines hut No 

Sucrose 


Purine or pyrimidine 

Concentra 

Wild 

Ves 

tigial 

Bar 

j Double Bar 

1 

tion 








1 Lar 
vae 

1 

1 



Lar- 

vae 

Pupated 

Lar- 
1 vae* 

Lar- 

vae 

Pupated 

1 Pupated 

Adult 


mg per ml 

days 

days 

per 

cent 

days 

days 

1 

days 

per 

cent 

days 

days 

per 

cent 

days 

per 

cent 

None 


6-21 


0 

2-12 

12-14 

1 

1 0 

18-38 

21 

4 

25 

4 

Adenine 

1 

1- 3 


0 

1- 2 

1- 2 


0 

1- 2 


0 

1 

0 


1 

3- 5 


0 

1- 2 

1- 2 

! 

0 

1- 2 


0 


0 

Eibose 

0 3 



! 


1 

1 

1 

1 




1 


Adenine 

0 2 

3-18 

9-11 

58 

2-14 

3-16 

15 

1 

6 

2-15 

11-15 

10 


0 

Guanine 

0 2 



1 










Urncil 

0 2 1 













Adenine 

0 2 

3-17 


0 

1-12 

1-24 

15 

5 

3-19 


0 


0 

Guanine 

02 








1 





Uracil 

0 2 













Rib esc 

1 

0 2 

1 


1 










Adenine 

0 4 

1-16 


0 

2-13 

1-15 


0 

2-15 


0 


0 

Guanine 

0 4 













Adenine 

0 4 

2-21 

11 

14 

1 

2-19 

2-12 


0 

2-12 

10 

11 

1 

0 

Uracil 

0 4 




1 

1 








Guanine 

0 8 

13-25 

i 

0 

2-18 

2-18 


0 

1 

1 

1-20 

1 


0 


0 

Desoxyribonucleic 

0 3 

2-28 


0 

^20 

2-12 

i 

o! 

2-14' 

1 


0 


0 

acid 








1 




•None pupated 


On the sugarless media (Table III), the laiwae of all four stocks tested 
died ^ ery quickly on media containing only adenine or adenine plus iibose 
1 hey lived for long periods of time but were unable to pupate on media 
containing desoxyribonucleic acid, guanine, or guanine plus adenme A few 
were able to pupate, but none hatched, on media containing adenme plus 
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uracil, adenine, guanine, and uracil, or adenine, guanine, uracil, and nbose 
Some diffeiences in the abihty of different stocks to grow on these media 
were observed Vestigial larvae were unable to pupate on the medium 
(adenine, guanine, and uracil) which permitted 58 per cent of the ivild type 
larvae to pupate With adenme alone, the larvae died very quickly 


Table IV 

Growth of Drosophila on Media Containing Certain Punnes and Pyrimidines Plus 5 

Per Cent Sucrose 





Wild 




Vestigial 


Purmc or pyn 
xmdme 

Conccn 

traUOQ 











Lar 

vae 

Pupated 

Hatched 

l^r 

vae 

Pupated 

Hatched 


ms fer 
ml 

days 

dais 

ptr 

cent 

days 

cent 

days 

days 

PtT 

cent 

days 

per 

cent 

None 


2-26 

13 1 

39 

17 3 

26 

3-16 

12 2 

55 

15 7 

44 

Ademne 

1 

3-11 

8 2 

so 

11 4 

28 

3-11 

10 2 

23 

14 5 

12 

<< 


&-16 

8 6 

88 

11 6 

76 

1-13 

10 2 

66 

14 3 

9 

Guamne 

0 5 











Uracil 

0 6 











Guamne 

0 5 

5-20 

16 6 

92 

18 9 

64 

2-31 

17 6 

21 

22 0 

4 

Uracil 












RNA 

1 

1- 2 


D 


0 

1-23 


0 


B 

Benzimida- 

1 











zole 












Ademne 

1 

1- 2 


B 


0 

1-21 


0 


B 

Benzimida- 

1 











zole 












(t 

1 

1 


0 


0 

1-15 

14 8 

20 


5 

“ 


5-21 

15 1 

69 

18 0 

54 

10-18 

13 1 

90 

17 4 

55 


Double Bar 


Lar 

vae 

Pupated j 

Hatched 

days 

days\ 

per 

cent 

dojf [ 

per 

cent 

2-36 

10 3 

74 

14 2 

64 

2-11 
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With guamne alone, the larvae hved up to 25 days but were small and never 
pupated With adenme plus guamne, the larvae hved longer than on ade- 
nme alone and grew to almost normal size but could not pupate With 
ademne plus uracil the larvae hved long, were of almost normal size, and a 
few ivild type and Double Bar larvae pupated With adenme, guanme, 
and uracil, the larvae grew to normal size and more than half of the wild 
type flies pupated m about the same time as they would have on a normal 
nucleic acid-sucrose medium 
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men sugai is added to the medium (Table IV), the laivac of wild, vestig- 
ial, and Double Bar aie able to pupate and hatch in the absence of RNA 
Vdien punnes oi pjnimidines aie added, the laivae pupate in a shoitei time 
and a greater peicentage of them pupate and hatch The expeiiments in- 
dicate that adenme is more important than guanme and uiacil in promoting 
pupation laivac do almost as well on adenine alone as on a mixtuie of 
ademne, guanine, and uiacil Pupation occuis much latei on guanine and 
uracil, even latei than in the absence of any puiine oi pyiimidme, although 
e\entuall 3 ’' a high peicentage of the ivild type flies on guanine and uiacil 
pupate and hatch The medium with adenine, guanme, and uiacil gives 
moie rapid development and a slightly liighei peicentage of pupation and 
hatching than does the original RNA medium 

Because of its structural similaiity to the pinnies, benzimidazole was 
tried in the medium, eithei alone oi in combination with RNA or adenine 
(Table IV) A marked diffciencc in the ability of the diffeient stocks to 
lespond to benzimidazole is evident With RNA oi adenme, benzimidazole 
(1 mg pel ml of medium) caused the death of luld and Double Bar laivae 
in 1 or 2 days The laivac hatched out but ueie unable to giow "l^estig- 
lal laivae weie able to giow and suivive up to 23 days, but weie unable to 
pupate On benzimidazole alone (1 mg pei ml of medium), ivild and 
Double Bar larvae again ueie unable to suivn e and glow, wheieas vestigial 
larvae giew and a fraction of them weie able to pupate and hatch The 
numbcis pupating and hatching weie vei}'- similai to those laised on the 
guanine-iiiacil medium, but the time of pupation and hatching was a little 
less on benzimidazole On a medium containing a lowei concentration of 
benzimidazole (0 1 mg pei ml of medium), inld as well as vestigial laivae 
veie able to siiivive, pupate, and hatch, but vestigial larvae still giew 
bettei than the vild type 


DISCUSSION 

The icsults given in Table II shon that all of the stocks tested can giow 
about as n ell on a medium containing nucleotides fi om hydi olyzed RNA as 
on one containing RNA itself The giowth-piomoting effect does not le- 
side in some specific aiiangcment of the components of RNA oi in RNA as 
such, but in the nucleotides themselves and specifically in the purines and 
pvrimidinei:- Of the thicc purines and pyrimidines tested (cytosine, the 
othci pjaimidine found m RNA, was unavailable), adenine seems to be the 
ino^t impoitant factoi in causing lapid giowdh Wilson (10), using an in- 
adcqii ite yeast medium, found 0 004 m adenine to be toxic The fact that 
the flies arc killed bj" adenme in the absence of sugai but suivive on ademne 
plus sugai shows that ademne itself is not toxic, but perhaps makes some 
demand on the lanxa oi stimulates larval groivth in some way to which the 
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lai va IS unable to i espond in the absence of sugar In the presence of sugai , 
adenine causes a maiked decrease m the length of the lan'^al period, but the 
percentage of larvae pupating and hatching is relatively low The expen- 
ments indicate that guanine, m contrast to adenine, causes an increase m 
the time necessary for development When adenme and guamne are com- 
bmed, the time of development is short, about the same as for adenme alone, 
but a much higher percentage of larvae pupate and hatch Guamne seems 
to have some function in regulating the growth-stimulatmg action of ade- 
mne Schultz et al mentioned m their abstract (7) that deso\ 3 mbonucleic 
acid inhibits the growth of larvae Our results, with a desoxyribonucleic 
acid prepared from calf th 3 mius by the Mirsky and Polhster (11) method, 
corroborate this Larvae raised on a medium containmg 0 3 mg of desoxy- 
ribonucleic acid per ml of medium (Table III) lived for a long time (up 
to 28 days), but grew only veiy slowly, never attained normal size, and died 
iwthout pupatmg The possibihty remams that this is due to some im- 
punty present m the desoxynbonucleic acid preparation 

Tliese experiments suggest that the Drosophila larva has extensive en- 
zyme systems for converting one type of substance into another In the 
experiments with a sugarless medium, the larvae which suiwived must have 
converted ammo acids or the fatty acids from lecithm mto carbohydrates 
to be utilized for energy Similarly, the lan’^ae giovn on nucleic acid-free 
media presumably synthesized the purmes, pynmidmes, and nbose from 
simpler compounds and combined them with the phosphate present m the 
medium to make nucleic acid The rate of the synthesis of nucleotides is 
apparently less than enough to supply the optimal amounts for growth, 
however, since the addition of nucleotides or purines and pyrimidmes 
speeded growth 

Benzimidazole is an inhibitor of the growth-promotmg action of RNA oi 
adenme presumably because it is a structural analogue of the purmes and 
has the same relation to them that the sulfonamides have to p-ammobenzoic 
acid The vestigial stock seems to contam some mutant gene (not neces- 
sanly the vg gene itself, of course), the biochemical expression of which is 
to enable this stock to use benzimidazole much better than wild type oi 
Double Bar can 

The appearance of the phenocopy, the alteration of the genetically 
Double Bai eyes toward mid type, on the medium lacking sugar and nu- 
cleic acid may be due to the lengthenmg of the time of development (21 
days from egg to pupation) It has been found that low temperature or a 
specific genetic modifier of the Bar type (12) will mcrease the number of 
eye facets m the B or BB eye The mcreased time of development upsets 
the relation between the vanous developmental reactions which normally 
exist m Bar larvae and results m larger eyes This non-specific effect 
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could be produced by any factoi which inci eases the length of development 
at the pioper time, genetic modifiers, low tempeiatine, poor culture media, 
or chemicals such as nipagen 

There is no question that in any of these expeiiments the luniting factoi 
was the amount of food On those media which would suppoi t gi owth at 
all, as many as 80 larvae were successfully i aised Twenty was the lai gest 
number used m any experimental tube The flies hatching out of the lar- 
vae groum on experimental media weie fertile and m many tubes a second 
generation of flies was raised 


SUMMARY 

1 Drosophtha were raised on sterile, chemically defined media m which 
ribonucleic acid was replaced by nucleotides, purines, or pyrimidines, singly 
01 in combination 

2 Lanme giew as well on nucleotides as on iibonucleic acid The 
gi ovdh-promotmg effect of ribonucleic acid resides not in RNA as such, but 
in the puiines and pyrimidines and especially adenine Guanine seems to 
have some function in legulatmg the grouffh -stimulating action of adenine 
Desoxyiibonucleic acid inhibited gioivth and pupation of the lanme 

3 The “vestigial” stock, in contiast to wild type oi Double Bai, was 
able to suiwive in the piesence of benzimidazole, a stiuctuial analogue of 
the puimes, and seems to con tarn a mutant gene which enables it to utilize 
benzimidazole in place of the puiines 
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An inhihilion analysis (1) of the effect of puimes on the toxicity of sul- 
fanilamide for certain bacteria indicated that sulfanilamide prevents p- 
aminobenzoic acid from functionmg as a coenzyme, oi from being converted 
to a coenzjone, involved in the bios3Tithesis of purines Under certain 
conditions of sulfonamide inhibition of giowth of these bacteria, a precursor 
of purmes might be expected to accumulate in the medium Such appears 
to be the case in the accumulation m sulfonamide-containmg medium of a 
non-acetjdatable diazotizable amine (2) vhich has been identified (3) as 
3(4)-amino-4(5)-imidazolecarbo\amide 
In the present investigation, a study of the effects of ammo acids on the 
quantity of the amine accumulating m the medium of Escherichia coli has 
been made Only a small amount of the amine is formed in a medium 
restneted to salts and glucose together with moderate amounts of sulfadia- 
zine, however, m the presence of glycine, E coh produces the amine in 
proportion to the amount of available glycine Details of the effects of 
glycme and other amino acids on the formation of 5(4)-ammo-4(5)-imidaz- 
olecarboxamide bj-' E coh m the presence of sulfadiazme are given below 

EXPERIMENTAL 

Materials — The hydrochlonde of glycinamide was prepared from chloro- 
acetamide bj’- the method of Bergell and von Wulfing (4) , N-formylglycme 
was prepared by the action of a mixture of formic acid and acetic anhydride 
on glycme, as desenbed by Biilmann, Jensen, and Jensen (5) 

Testing Method — An inorganic salts-glucose medium was prepared as 
follows Na2S04 1 gm , NILCl 1 gm , K2HPO4 0 8 gm , MgS04 THjO 80 mg , 
Fe(NH4)2(S04)2 6H2O 20 mg , and glucose 2 gm were dissolved m water 
and diluted to 100 cc , steamed, and filtered For tests, 5 cc of this double 
strength medium were added to the test matenals m 5 cc of water, the 
tubes (20 mm X 10 cm ) were covered with a clean towel, autoclaved 10 
mmutes at 15 pounds steam pressure, and moculated Use of short, wide 
tubes loosely stoppered or covered with a towel was found to give the maxi- 
mum yield of amine The orgamsm was a strain of Escherichia coh pre- 
viously desenbed (6), and was grown m the salts-glucose medium pnor to 
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being tested After 24 hours growth, the cells were centrifuged, washed 
once with 10 cc of 0 9 per cent sodium chloride solution, and resuspended 
in 10 cc of the saline The test solutions were inoculated with 0 2 cc of 
this suspension After incubation for 18 houis at 37 , the medium in each 
tube was assayed foi non-acetylatable diazotizable amine by the method 
of Bratton and Mai shall (7) aftei tieatment with 2 per cent acetic anhy- 
dride for 30 minutes at loom tempeiature (8, 2) Acetic anhydiide (0 02 
cc ) was added to 1 cc of the test solution, and the mixture was shaken and 
allowed to stand 30 mmutes, 4 cc of 0 2 n sulfuiic acid followed by 0 5 
cc of 0 1 pel cent sodium mtiite weie added, and, after 5 mmutes, the ex- 
cess nitnte was destioyed by the addition of 0 5 cc of 0 5 pei cent ammonium 
sulfamate 3 minutes later, 0 5 cc of 0 1 per cent N-l-naphthylethylene 
diamine dihydrochlonde was added and, aftei 30 minutes, the color was 
lead on a Klett-Summeison colorimeter with a 540 mja filtei S3’-nthetic 
5(4)-amino-4(5)-imidazolecarboxamide (3) was used as a standaid 

Remits 

In Table I, the effect of glycine, threonine, and glutamic acid on the 
production of 5(4)-ammo-4(5)-imidazolecaiboxamide bj^ Eschenchta coh 
in the presence of 50 7 per 10 cc of sulfadiazine is indicated Addition of 
glycine to the salts-glucose medium lesulted in an increase of amine forma- 
tion pioportional to the dosage of glycine ovei a laige lange in concentra- 
tion Glutamic acid alone was without appieciable effect, but the piesence 
of glutamic acid in the medium increased appreciably the yield of the amine 
from glycine Ovei the lange of concentiations of glycine giving a piopoi- 
tional -sneld of amine, approximately 35 per cent of the glycine was con- 
vei ted into the amine in the absence of added glutamic acid, while the yield 
appi cached 60 per cent of the theoietical in its piesenee Other amino 
acids known to possess labile ammo groups, z c leucine, isoleucme, and 
valine, gave similar results but were not as active as glutamic acid 

As IS indicated in Table I, DL-threonme was only about a tenth as active 
on a weight basis as glj’^cine Even after coriecting foi the difference in 
moleculai weight and foi the possibility that only L-thieonine might be 
active, the thieonine is less active than glycine Glutamic acid enhanced 
the activit} of thieonine in formation of the amine in a manner analogous 
to its action with gtycme 

In separate tests, all other ammo acids including serine were piactically 
inacti\ c in replacing glj''cine The hydrochloiide of glycinamide as well as 
X-formj'lglj cine was essentially inactive m increasing production of the 
amine 

Ilighei concentiations of sulfadiazine increased the amine pi eduction of 
Eschcnrhza coh mthout addition of glycine or thieonine, however, in the 



HAVEL,, EAKIX, \ND SHIVE 


69 


presence of either of the ammo acids, the higher concentrations of sulfadia- 
zme resulted in a similar increase in production of the amme The level 
of 50 y per 10 co of sulfadiazine v as the most satisfactory for demonstratmg 
the effect of g^'cine 


Table 1 

Effect of Amino Acids on Production of S{4)-Amino-4(6)-tmidazolecarboxamide 

hy Escherichia call* 


i 


Concentration of productf 

Ammoaad 

Amount 

Without added 
i/-glutainic acid j 

With added 
L-glutamic acid 
(1 mg per 10 cc ) 

1 

r per 10 cc 

r 10 cc 

y per 10 cc 

Glycme 

0 

4 

4 

6 0 


10 

10 

0 

12 8 


30 

21 

1 

30 6 


SO 

37 

8 

43 9 

1 

76 

50 

6 

65 0 


100 

61 

1 

78 9 


200 

68 

9 

87 8 

DL-Threomne 

100 

9 

4 

13 9 


300 

31 

1 

41 7 


1000 

68 

9 

83 3 

1 


* In the presence of sulfadiazine, 60 y per 10 cc 

t Determined colorunetncally with synthetic 5(4)-ainino-4(5)-imidazoIecarboxa- 
mide (3) as a standard 


DISCUSSION 

The conversion of glycme to unc acid has been demonstrated to occur m 
pigeons (9) and man (10) Pigeons fed glycme with the carboxyl group 
contauung excess C“ excrete unc acid containmg relatively large concentra- 
tions of C“ m carbon atoms of position 4 (9) A human adult male fed 
glycme containmg excreted unc acid containmg relatively large 
amounts of m the mtrogen atoms of position 7 (10) 

Similar studies with pigeons (9, 11) have mdicated that the carbon atoms 
of position 6 may be denved from carbon dioxide, and the carbon atoms of 
positions 2 and 8 are denved from either the carboxyl of acetate or formate 
In view of these results, one would suppose that glycme is probablj 
utihzed m a similar manner in the formation of 5(4)-ainmo-4(5)-imidazole- 
carboxamide Smee neither the amide nor the formyl denvative of glj’-cme 
was active m replacmg glycme as a precursor of the amme, it appears that 
the biosynthesis mvolves a more complex mechamsm, perhaps formmg 
4-imidazolone which is carboxylated and animated to form the amme 
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metalhc sodium and liquid ammonia according to the conditions of du 
Vigneaud and Miller (5) oi of Bovainick (6) The prmcipal difficulty was 
the separation of the final peptide from the sodium salts introduced during 
the reduction With aspartic acid derivatives, this was easily done by 
formation of then baiium salts, which w'eie spaimgly soluble in methanol, 
but with the glutamic acid compounds complete separation of sodium 
salts was troublesome Nevei theless, this new modification of the methods 
of peptide synthesis has advantages m ease and safety of operation and in 
stability of the acylated derivatives, wffiich recommend it foi further use 


-o T-nh — - T-nh 
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HOH2C-CH-CO-NH-NH2 HOH2C-CH-CON3 
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-« HOH2C-CH-CO 

EH 

I 

CHg 

1 

CO 

I 

EH 

I 

EtOOC-CHj-CHj- CH-COOEt 


Seryl glycyl glutamic acid 

Fig 1 Reactions in the synthesis of seiylglycylglutamic acid 

Application to the foiraation of serylglycjdglutamic acid is illustrated by 
the reactions shown in Fig 1 


EXPERIMENTAL 

bourccs of Compounds ^lost of the know n compounds used in this work 
weie obtained fiom then onginators or were prepared by published meth- 
ods Thus, isoglutathione w as kindly supplied by Di V du Vigneaud and 
isoglutamine by Dr J S Fruton Diglycylglycme, triglycylglycme, 
git cj Itj losine, tyrosj Iglycylglycine, leucylleucme, leucylglycylglycine, gly- 
C 3 lalanine, glj cylleucine, leucyl-a-ammobutync acid, and a-aminobutyrjd- 
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leucme were from the collection of Dr K Landsteiner Glutamyltyrosm- 
amide, glutam 3 dtyi osylglutamic acid, prolylglutamic acid, and glycyl- 
alanyllcucjdglutamic acid w eie kmdly supplied by Di S Moore and Di 
W H Stem as caibobenzoxy dematives from the collection of Di M 
Beigmann These substances i\eie conveited to the fiee peptides by 
cata^Tic lydrogenation in the usual fashion The acetyl and carbo- 
benzoxi” dern atives of glutamic acid and aspartic acid iihich aie hsted in a 
section beloM weie likewise from Di Beigmann’s collection 
Alanjdglj’’cjdglutamic acid and glycjdalanjdglutamic acid were made by 
couplmg a-chloropiopionjdglycyl chloride and chloioacetylalanyl chlonde 
respectively vath glutamic acid, follov ed bj’’ treatment with concentrated 
aqueous ammoma The procedures m such sjmtheses are so well knovm as 
not to require detailed desciiption Analytically puie products Aveie 
isolated 


Preparation of Serijlglycylglutamic Acid 

(a) Tosyl-'Dij-sennc Hydrazide — ^Tosyl-DL-serme was prepaied by dis- 
solvmg 10 5 gm of Di>serme m 125 cc of 2 n NaOH, heating to 70°, addmg 
24 gm of p-toluenesulfonyl chlonde, and shaking vigorously until a. cleai 
solution M as obtamed When this was cooled and acidified with concen- 
trated HCl, 15 1 gm of tosylserme separated ^ This manner of tosylatmg 
ammo acids, first desciibed by Harmgton and Moggndge (7) for glutamic 
acid, vas found superioi to methods involving acylation at loom tempera- 
ture m biphasic solvents and hence was used throughout this v ork The 
tosylserme v as converted to the ethyl ester by dissolving it m absolute alco- 
hol satuiated ivith HCl gas, allowing the solution to stand overnight at 
room temperatuie, and concentrating to dryness under reduced pressure 
The process was then lepeated For preparation of the hydrazide the 
product was not purified, but was dissolved in 100 cc of absolute alcohol, 
and the solution was treated with 8 2 cc of hydrazme hydrate ^ The 
hydrazide began to separate almost immediately as white crystals After 
the mixture had stood for 24 hours at room temperature, these were 
filteied off and washed Yield 13 4 gm , m p 155° after softenmg from 
148° The compound vas insoluble in water but readily dissolved m 

* The yield of tosylserme was considerably less than that found for tosylglyeme, 
tosylaspartic acid, and tosylglutamic acid This poor yield of the serine derivative 
vas not due to the solubility of it in the reaction mixture, because exTraction of the 
latter vith ethyl acetate yielded only negligible amounts of material Furthermore, 
treatment of the filtrate from the tosylserme mth more tosyl chlonde and alkali 
yielded no additional tosylserme 

' It v as necessary to use a large excess of hydrazme hydrate m order to obtain 
good yields This was true of all hydrazides studied m this work 
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dilute HCl or NaOH It was sparingly soluble in ethanol, and could be 
recrj’^stallized from this solvent 

CioHisO^NsS Calculated, N 15 4, found, N 16 1 

(b) Tosijl-Dh-serylghjcyl Hydraztde—\Z 4 gm of tosylserme hydrazide 
were dissolved in 125 cc of cold water plus 4 0 cc of concentrated HCl 
9 cc of acetic acid were added to the solution, and the mixture was cooled 
to 0° and treated vith a solution of 5 5 gm of NaN02 in 35 cc of water 
The addition was made slowly with stirring The azide separated as a 
semisohd, and was immediately extracted with four portions of ice-cold 
ethyl acetate The combined extracts were shaken out once with 50 cc of 
dilute NaHCOa solution,® and the organic phase was dried in the cold with 
MgS 04 for an hour To this dried solution of the azide a dry ether solu- 
tion of glycme ethyl ester prepared with the usual precautions from 21 gm 
of its hydrochloride was added, and the mixture was allowed to stand at 
room temperature for 24 to 40 hours The solution was then extracted 
with a slight excess of 1 n HCl in order to remove unchanged glycme ester, 
and the organic phase was washed once with water, dried with MgS 04 , and 
concentrated to constant weight under reduced pressure Yield 15 8 gm 

The crude tosylserylglycine ethyl ester was then dissolved m 100 cc of 
absolute alcohol and converted to the hydrazide by addition of 4 cc of 
hydrazine hydrate as described in (a) for tosylserme hydrazide Yield 
13 7 gm , m p 215-216° The substance was less soluble m ethanol than 
that described in (a) and was therefore best recrystallized by dissolvmg it m 
the calculated amount of 1 N NaOH and adding the requisite quantity of 
HCl 


CijHiaOjNxS Calculated, N 17 0, found, N 17 0 

(c) Tosylserylglycylglutamic Acid — 13 2 gm of tosylserylglycme hydra- 
zide V ere dissolved in 125 cc of water, 5 cc of concentrated HCl, and 10 cc 
of acetic acid and converted to the azide with 4 2 gm of NaN 02 m a 
manner similar to that described in (6) The ethyl acetate solution of the 
azide V as allowed to react with diethyl glutamate (prepared from 29 gm of 
dicthyl-L-glutamate hydrochloride) in the same way as described m (6) 
The liquid ester so obtamed weighed 21 4 gm 

To prepare the free acid, this ester was dissolved in 200 cc of methanol 
and neutralized v ith methanohc 1 n NaOH 22 cc of aqueous 4 n NaOH 
■were added, and, after half an hour at room temperature, the solution was 
acidified vith a slight excess of 1 n HCl The mixture was concentrated 
under reduced pressure to about 30 cc , at which pomtan oil had begun to 

* Since the azide contained the acidic sulfonamide group, sufficient NaHCOj to 
extract the compound as the salt was not used 
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separate This ivas dissolved by adding 50 cc of water, and the solution 
was extracted six times with 100 cc portions of ethyl acetate The ex- 
tracts were dried with MgSO^ and the solvent was evaporated under re- 
duced pressure A hygroscopic solid weighing 12 3 gm tv as thus obtamed 
which was best recrystalhzed by dissolving m a few cc of chloroform and 
addmg dri"- ether From ethyl acetate-ether or alcohol-ether somewhat 
sticky products resulted 

CijHhOsNjS Calculated, N 9 4, found, N 9 6 

Analysis of the product was difficult because it was quite hygroscopic It 
was undoubtedly a mixture of two diastereomers smce racemic serme and 
L-glutamic acid had been used m its preparation 

(d) Serylglycylglutamic Acid — 5 9 gm of tosylserylglycylglutamic acid 
were placed m a 300 cc 3-necked round bottom flask equipped with a 
mechanical stirrer and a soda lime guard tube This flask was immersed m 
an alcohol and solid COj bath and 100 cc of hquid ammoma were added 
through a long, wide glass tube placed m the third neck of the flask Stir- 
nng was begun, and when solution was complete, 3 0 gm of metalhc sodium 
cut in small pieces were added slowly Stimng was contmued for 4 
hours, and then 6 5 gm of ammomum chloride were added The motor 
was stopped when all the blue color had been discharged, the coohng bath 
was removed, and the NH3 was allowed to distil off The flask and its con- 
tents were then placed m a vacuum desiccator over concentrated sulfunc 
acid overnight The reaction product was then dissolved m 100 cc of 
0 2 N H2SO4 (final pH 3 0 to 4 0) and the thiocresol removed by four ex- 
tractions with ether The aqueous phase was freed of NHg by addmg 
Ba(OH)2 solution to it until it was just pink to phenolphthalem It was 
then concentrated under reduced pressure at low temperature, and as the 
pH fell more Ba(OH)2 was added to mamtam the mixture constantly pink 
to phenolphthalem The solution was freed of barium with H2SO4 exactly 
The pH was adjusted to 4 0 with NaOH, the BaSOi was removed by filtra- 
tion, and the resultmg solution was evaporated under reduced pressure to a 
syrup The peptide was precipitated together with some NaCl by addition 
of 200 cc of absolute alcohol This precipitate was separated, dned, and 
dissolved m water, and chloride ion was removed with silver acetate and 
silver with H2S The resultmg filtrate was adjusted to pH 4 0 Tvith HI 
and evaporated under reduced pressure to a syrup from which the peptide 
was precipitated with 200 cc of absolute alcohol The material thus 
obtamed, when dried, weighed 2 gm and consisted of serylglycylglutamic 
acid contammated with some ash In order to prepare the pure peptide, 
this substance (600 mg ) was suspended m absolute alcohol (30 cc ) and 
concentrated HI (1 0 cc ) After a few mmutes the peptide had dissolved 



76 


‘^TREPOGBNIN ACTIVITV 


as the hydroiodide and could be separated fiom insoluble impuiities It 
was then precipitated bj’' adiustmg the alcoholic solution to pH 4 0 with 
concentrated N'H 40 H The pi oduct thus obtained was di led and e\ti acted 
with glacial acetic acid Wlien this extract was poured into 10 volumes of 
absolute alcohol, pure serylgtycylglutamic acid was precipitated 

C 10 H 17 O 7 N 3 Calculated, N 14 4, found, N 14 6 

Several attempts weie made to Avork up the 1 eduction product by con- 
centratmg the aqueous solution (aftei ethei e\ti action of thiocresol) to 
di^mess, follov ed by extraction with alcohol plus HCl The peptide aa as 
then precipitated from the solution so obtamed by adjustmg to pH 4 with 
ammonia or pyridme The jnelds by this method ncAmr exceeded 40 per 
cent and the pi oduct was nevei secured free of ash 

Bioassay of the crude leaction mixtuie in comparison with the pure 
peptide shoAA'ed that the reduction to ser3dglycylglutamic acid Avas pi ac- 
tually quantitatwe The Ioaa' yield must, therefore, have been due to 
losses durmg purification 

Glycylseryl^lutaimc Acid — The stages m the synthesis Aieie the same as 
those described for seiylglycylglutamic acid except that tosylgljmme Avas 
the starting material Tosylglycme hydrazide melted at 160° and con- 
tamed 17 3 per cent N (theory, 17 3) Tosylglycyl-nn-serme hydrazide 
melted at 180° and contamed 16 1 per cent N (theory for CisHisOsNiS H 2 O, 
16 1) Tosylglycylserylglutamic acid, hygioscopic crystals fiom chloro- 
form and ether, contained 9 3 pei cent N (theoiy, 9 4) , but it AAmspiobabl}'' 
a diastereomeric mcxtuie as Avas the isomei desciibed above 

Serylglycykisparhc Held— Tosylseiylglycme hydiazide Avas converted to 
the azide and coupled Avith diethyl n-aspartate m a fashion smailai to that 
used for the glutamic acid compound Aftei hydrolysis of the estei, the 
yield of free acid melting at 100-105° aa^s 94 pei cent and Avas found to 
contain 9 4 pei cent N (theoiy, 9 7) Aftei 1 eduction Avith sodium and 
liquid ammonia, the leaction mixture A\as dissolved m hydrochloiic acid 
at pH 4 and thiocresol aa as iemoA''ed AAuth ether The aqueous solution AA'as 
then brought to pH 8 AAuth methanohe baiium hydroxide, and enough 
methanol AAas added to give a final concentiation of 80 pei cent After 
the mixtuiehad stood in the cold, the msoluble baiium saltAvas filteied off, 
AA ashed AAith methanol, dissolA''ed in AAatei, and freed of barium exactlj'' AAith 
sulfuric acid Chloride AA^as removed from the lesultmg solution AAuth excess 
sih'cr acetate and siIa er AA'as taken out as the sulfide The resultmg filtrate 
AAas concentrated under reduced pressure to a small volume and treated 
with alcohol Sorylglycylaspartic acid was thus obtamed m 45 per cent 
yield based on the aa eight of its tosyl denvative 

C.HuOrN, Calculated, N 15 2 , found, N 14 9 
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Method of Biological Assay — The compounds were tested for strepogenin 
activit} foi Laclohacilliis casei accordmg to the method of Spiince and 
Woolle}' ( 3 , 8) Tlie basal medium was fortified with S3aithetic pteroyl- 
glutamic acid/ 0 01 7 per cc , instead of the concentrate of fohe acid In 
addition, p3Tido\amine, 0 1 7 per cc , was also added to the medium 

Each substance u as tested in graded doses at concentrations of 1 mg to 
1 7 per cc of final medium, and the potenc3 u as established b3^ comparison 
of grouth lesponses to those elicited b3^ the preparation of standard liver 
extract as described pieviousty ( 3 , 8) In this wa3’' the activit3^ of the 
compounds after they had been autoclaved in the basal medium was 
determmed In addition, parallel assa3'’s v ere performed m which solutions 
of the substances stenhzed b3’’ filtration v ere added to the basal medium 
after the latter had been autoclaved In this v a3’- the potency of the un- 
heated substances vas judged, and, as uill appeal shortly, this value was 
greater foi some t3T3es of peptides than was that found for the heated 
samples 

Strepogenin Activity of N on-Glutamic Aad Peptides — A. considerable 
numbei of peptides not contammg glutamic acid weie assayed m the 
manner described, and none was foimd to possess potenc3" Those tested 
were alanylglycylglycme, tyrosylgl3'’cy]gl3’’cme, acetyldehydrophenylalanyl- 
aspartic acid, carbobenzoxyasparagme, diglycylglycine, triglycylglycme, 
glycyltyrosme, leucylleucme, leucylglycylglycme, glycylalanme, glycyl- 
leucine, leuc3’'l-a-ammobutyiic acid, a-ammobulyiylleucme, p-ammo- 
benzoylgtycme, gbmvl-p-aminobenzoic acid, serylglycylaspartic acid, and 
asparagine 

Strepogenin Activity of Derivatives of Glutamic Acid — Table I shows the 
relative strepogenm potency of a variety of peptides contammg glutamic 
acid, Glutamme, glutathione, glutamyltyrosylglutamic acid, serylglyc3d- 
glutamic acid, glycylalanylglutanuc acid, alanylglycylglutamic acid, 
glycylserylglutamic acid, and glycylglutamic acid all showed some potency 
The other derivatives were mactive The need foi a free ammo group 
{cf (2, 3 , 8)) was illustiated by the findmg that tosylseiylgIyc3dglutamic 
acid and chloroacetylalanylglutamic acid were inactive, vhereas the 
corresponding peptides with free ammo groups possessed potency 

Isoglutamme and isoglutathione, both derivatives involvmg the a- 
carboxyl group of glutamic acid, shoved some activity Hovever, smee 
it IS well known that these substances may be contammated v itli the iso- 
meric glutamme and glutathione respective^'’, it was probable that the3^ 
owed their activit3" solely to these impurities This appeared even more 
probable when it was found that the growth-piomotmg powei they did 
possess was destroyed by heat {cf the next section) Isoglutamme and 

* Thjs material v as kindly supplied by Dr E L R Stokstad and Dr T H 
Jukes of the Lederle Laboratones Division, Amencan Cyanamid Company 
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isoglutathione are not destroyed by boiling their aqueous solutions, whereas 
glutamine and glutathione are 

Differenhahon of Active Compounds hj Heat Stuhihiy — The data m Table 
I show that the only compounds which were not mactivated by heatmg m 
the basal medium were those in which the substituent was on the amino 
group of the glutamic acid, e g serylglycylglutamic or alanylglycylglutamic 
acid Active substances such as gliitamme, which bore the substituents 


Table I 

Relative Strcpogemn Acihvity of Derivatives of Glutamic Acid 


Peptide 

Relative strepogenm 
potenc:^ 

Before 

heating 

After 

heating 

Denvatives of 

Glutamine 

60-200t 

0 

7.COOH 

Glutathione 

4- lOf 


Derivatives of 

Isoglutamine 

1- 3 

0 

a-COOH 

Isoglutathione 

1- 5 

0 


Glutamyltyiosine ethyl ester 

0 

0 


Glutamyltyrosinamide 

Trace 

0 


Glutamyltyrosylglutamic acid 

0 8t 

0 8t 

Derivatives of 

Serylglycylglutamic acid 

1 

1 

NH, 

Glycylserylglutamic “ 

0 4 

0 4 


Alanylglycylglutamic “ 

0 3 

0 3 


Glycylalanylglutamic “ 

0 3 

0 3 


Glycylalanylleucylglutamic acid 

0 

0 


Glycylglutaraic acid 

0 1 

0 1 


Prolylglutamic “ 

0 

0 


Acetyldehydrophenylalanylglutamic acid 

0 

0 


Acetylphenylalanylglutamic acid 

0 

0 


p-Aminobenzoy)glutamic acid 

0 

0 


* Relative to liver standard of potency 1 
t Dependent on dosage level, as discussed in the text 

j Inhibitory above 300 y per cc One glutamic acid is substituted on the 
a-carboxyl group and the other on the amino group 

on the 7 -carbo\yl group of glutarmc acid, were mactivated wholly or m 
part by autoclavmg them in the basal medium The potency of glutamme 
x\ as destroy ed completely x\ hen it was heated by itself in aqueous solution 
and then added to the sterilized basal medium, but when it was autoclaved 
in the basal medium about 1 per cent of its activity remamed Tor com- 
parison Viith these results, the potency of strepogenm present in tissue 
extracts or in ti^^itic digests of pure proteins was found to be unaffected 
by autoclavmg m the basal medium 

Differences in Shape of Response Curves Obtained with Glutamic Acid 
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Denvalwes — ^Although glutamine possessed considerable strepogemn po- 
tenc}’’ for Laclobacillus cam, the shape of the dose-response curve obtamed 
with it V as quite different from tliat typical for strepogenm This fact is 
illustrated m Fig 2, where it can be seen that the curve with glutamme 
nses more steeply and attains a maximum considerably below that found 
for the liver extract standard Thus, with glutamme, maximal growth 
cannot be achieved In this respect, the response produced by gluta- 
thione vas intermediate between the extremes presented by glutamme 
and liver extract Because of these qualitative differences m the shape of 
the response curves, only approximate values could be established for the 
activity of glutamme and glutathione (c/ Table I) Potency obviously 



Fig 2 Growth response curves of Lactobacillus casei to liver Fraction L and to 
glutamine 

depended on which portion of the curves was used for companson In 
contrast to this quahtatively differing activity of derivatives of the y- 
carhoxyl group of glutamic acid, those peptides which were produced from 
glutamic acid by substitution on the ammo group showed response curves 
identical m shape with those found for liver extract Thus, vuth seiyl- 
glycylglutamic acid the response curve was superimposable on the standard 
curve over the range used for assay 

Inhibition of Growth Caused by Serylglycylaspartic Acid — ^Not only was 
serylglycylaspartic acid inactive, but it was antagonistic to strepogemn 
In order to demonstrate this, the basal medium was supplemented with 
100 y of liver Fraction L (standard for strepogenm assays) per cc In the 
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abssucB of tho serylglycylaspartic acid, fan growth of Luctobucillus ccisei 
occuired in such a medium, but when 1 mg of the peptide pei cc was 
added, multiplication A\as i educed to two-thirds of the foimei value 
T^Tien liver Fraction L ivas increased to 200 y pei cc , serylglycylaspartic 
acid V as no longer inhibitoiy 

Although inhibition of growth could be produced by seiylglycylaspaitic 
acid as outlmed in the precedmg paragiaph, sufficient mcrease m the con- 
centration of the peptide m such a system resulted in the manifestation of 
some growth-piomoting action Thus, ivhen 5 mg of the peptide per cc 
Aveie used, good growth was obtained A smiilar situation has been noted 
with antagonistic stmctuial analogues of thyrovme (9) and of pantothenic 
acid (10, 11) m which sufficient increase in the concentiation of the an- 
tagonist permitted the demonstiation of hoimone or vitamin action 
rather than mhibitorj’' behavior 


DISCUSSION 

Some idea of the structural requirements for stiepogenm activity may 
be gleaned from the data presented In the first place, the only active 
compounds thus fai encountered have contamed glutamic acid This 
obseiwation adds to the existmg evidence that stiepogenm is a peptide oi 
peptide-hke compound contammg glutamic acid Secondly, activity 
qualitatively similar to that of stiepogenm on Lactobacillus casei was 
found only in derivatives of glutamic acid m ivliich the added substituents 
vere attached to the ammo group Some potency uas displayed by 
compounds formed by substitution of the y-carboxyl group of glutamic 
acid (c g glutamme and glutathione), but qualitative differences m activity 
from natural stiepogenm veie found uith these Smce such differences 
were less with glutathione than with glutamme, the possibility remams 
that m strepogenin there are substituents on the y-carboxyl group of 
glutamic acid Nevertheless, both glutamme and glutathione had no 
stiepogenm activity for hemolytic streptococcus X40 (3, 12), and gluta- 
mine hkcvise was ineffective m replacing strepogenin for mice (13) It 
vould seem that Lactobacillus casei Avas a less exacting organism than 
these and that a less specific structure Avas required for it to respond 

iVl though se\mral peptides of glutamic acid possessed strep ogenm po- 
tenejq some specificity of action in relation to structure could be discemed 
Thus, although all four tripeptides, viz serylglycylglutamic acid, glycyl- 
serA'lglutamic acid, alanylglycylglutamic acid, and gl3’'cylalanylglutamic 
acid, had some degree of actwity, the mere addition of 1 more ammo acid 
residue, as in glj cj’'lalan5’’lleucylglutamic acid, rendered the compound m- 
actiAG Alorc than just a glutamic acid peptide AA'as required 

Although SAnthetic peptides such as serylglycylglutamic acid had 
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strepogenm activity qualitatively the same as that of the natural growth 
factor for Lactobacillus casci, they did not approach quantitatively the 
natural substance For e\ample, the most active compound descnbed m 
this paper (viz serjdglycylglutamic acid) had a potency of 1, while concen- 
trates have been prepared m this laboratory from casein and from insnhn 
with a potency of 40 At best, the present compounds can only serve as 
models with vhich to study the nature of strepogenm 

SUMMARY 

Tosylated ammo acids have been used to prepare a number of tosylated 
peptides, and these have been reduced v ith sodium m liquid ammonia to 
yield the free peptides In this way serylglycylglutamic acid, serylglycyl- 
aspartic acid, and glj’’C}dser3dglutamic acid have been prepared for the 
first time A large number of peptides have been tested for their abihty to 
replace strepogenm m the growth of Lactobacillus casei Only certam 
derivatives of glutamic acid u ere found active True strepogenm potency 
was observed only m seiylglycylglutamic acid, glycylserylglutanuc acid, 
alanylglycylglutamic acid, glycylalanylglutamic acid, and glycylglutamic 
acid Several other glutamic acid derivatives m which the ammo group 
TV as substituted uere mactive Glutamme and glutathione had potency, 
but this could be distmguished quahtatively from that of strepogenm or of 
the foregoing synthetic peptides, and was considered not to be true strepo- 
gemn activity Serylglycylaspartic acid uas antagonistic to growth 
promoted by strepogenm These facts were discussed m lelation to the 
chemical nature of strepogenm 
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III iMECHANISM OF THE OXIDATION OF DrHYDROXYPHENYLALANINE 

BY TYROSINASE* 

By HOWARD S MASON 

{From the Office of Dermatology, Industrial Hygiene Division, Bureau of State Services, 
United States Public Health Service, Beihesda, Maryland) 

(Received for publication, May 1, 1947) 

When 3,4-dihydro\yphenylalamne is oxidized in the presence of phenol 
oxidases (2, 3) or by silver oxide (4), a red pigment is formed Enzyimcally, 
this pigment is converted to a melamn In the absence of enzyme, it has 
been shown that the pigment may rearrange to either 2-carboxy-5 , 6-dihy- 
droxyindole or to 5,6-dihydioxyindole (5) The structure of the red 
pigment has therefore been inferred to be either 2-carboxy-2,3-dihydrom- 
dole-5,6-qumone or the tautomenc 2-carboxy-2,3-dihydro-6-hydroxy- 
mdole-l,5-qumonimme (5-7), and on this basis Raper has proposed the 
accompanymg hypothesis for the enzymic conversion of 3,4-dihydroxy- 
phenylalamne to synthetic dopa melanm (5, 6) 

This study was undertaken to determme whether or not the postulated 
reactions bej’^ond the foimation of the red pigment do take place in the 
presence of oxygen and enzyme The enaymic oxidation of 3,4-dihy- 
droxyphenylalanme was followed spectrophotometncally The process 
was observed to proceed in three chromophoric phases, the first correspond- 
mg to the formation of the red pigment, the second to an mtermediate 
purple pigment, and the third to the foimation of melanm By comparison 
of the obsen'’ed spectra mth those of known substances, it was possible 
to show that a rearrangement of the led pigment does occur dunng the 
enzymic oxidation, that sjmthetic dihydroxyphenylalanme melanin is 
probably a polymer of indole-5 , 6-qumone, and that the inferred o-qumonoid 
formulation of the red pigment is correct 

EXPERIMENTAL 

The technique employed for observmg the spectrophotometnc course 
of the enzymic oxidation of dihydroxyphenylalanme has been descnbed 
(1) A prenously descnbed t 3 O 0 smase prepaiation w^as used (1, cf 8, 9) 
Silver oxide was prepared accordmg to the directions of Helfench and 
Klem (10) 3 ,4-DihydroxyphenyI-L-alamne was obtamed from the Hoff- 

mann-La Roche Company It melted at 272-278° (total immersion), 

* For Paper II m this senes, see Mason (1) 
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j^j 20 _ — 117° m 10 N HCl (micro polanmetei tube) Buffeis were 
prepared by addmg 0 1 N NaOH to 50 ml of 0 1 m iai 2 P 04 and diluting 
the mixture to 100 ml All the experiments were conducted at tempera- 
tures of 25-28° 


Enzymic Formation of Melanin (Raper) 
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2-Carbov3'’-5,6-dimethoxymdole was synthesized from 6-nitrohomovera- 
trole by the procedure of Oxford and Raper (11) The product ciystal- 
hzcd fiom acetone-benzene m tablets which melted at 208° It has been 
reported to melt at 202—203° (11) The compound was further identified 
bv elementary analysis 
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Analysis^ — CjiHnO<N Calculated, C 59 7, H 5 02, N 6 34 
Found, " 59 7, “ 5 24, " 6 40 

5,6-Dimetho\yindole was obtained from Professor H S Raper, whose 
kindness is acknowledged The sample melted at 152-154° 

In this leport optical densit}’’ D = « 7nl, where Z is 1 0 cm and m is the 
gi\en concentiation of the absorbing substance in moles per litei The 
moleculai extinction coefficient e corresponds to the calculated optical 
density of a 1 ar solution 

Silver Oxide Oxidation of 3 ,4-Dihydroxyphenylalanine — The reaction 
betw een 50 mg of silver oxide and 10 ml of a solution buffered at pH 5 6 
and containing 0 027 mg (137 X 10~^ mole) of 3,4-dihydroxyphenyI- 
alanine per ml w as allow’ed to contmue for periods varymg from 0 5 to 
10 minutes In these experiments the reagents w ere shaken together foi 
the designated penod and the resultant solution filtered through No 42 
'tt'hatman papei Absoiption spectra were then immediatelj’’ measured 
The results are depicted in Fig 1,/landH In the course of the reaction, 
the absorption maximum of 3 ,4-dihydroxyphenylalanine at 280 m^i was 
leplaced by maxima af 305 and 475 my The mtensities of these maxima 
increased as the reaction penod was mcreased to 3 to 4 mmutes, then 
graduallj decreased Absorption spectra of substances intermediate 
between 3,4-dihydroxyphenylalanine and the red pigment did not become 
evident The solvent buffer alone was shaken with silver oxide in the 
proportions descnbed for 5 imnutes No change in the absorption spec- 
trum was observed 

Rearrangement of Red Pigment — To determme the spectrochemical 
charactenstics of the substances formed when the pigment rearranges, 
solutions were prepared by shaking together the reagents descnbed above 
for 3 mmutes, then filtering Dissolved oxygen was rapidly removed by 
repeatedly exhausting the reaction vessel at an oil pump After the solu- 
tion had stood overmght, aU color w'as discharged, although a small amount 
of black solid separated This w'as removed on No 42 T^Tiatman paper 
and discarded In the absolution spectrum of the filtered solution w^ere 
found sharply defined maxima at 275 and 298 my, as are depicted in Fig 
2, A, Cimm 2 

The red pigment was also observed to decolorize in the presence of acid 
If a solution, prepared by the silver oxide reaction at pH 5 6, was adjusted 
to pH 1 3 wath hydrochlonc acid, decolonzation w as complete in 20 minutes 
At pH 1 6 this process took 40 minutes and at pH 2 0 approximately 60 
mmutes The absorption spectrum of the product formed at these pH 

' I am indebted to Charles Kinser, National Institute of Health, for this micro- 
chemical analysis 
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levels displayed a strong ma\iniuin at 310 m/i (Fig 2, A, Curve 3) which 
did not shift upon neutialization to pH 5 6 Solutions of the acid lear- 
rangement product veie also adjusted to pH 3 5 and 5 0 and allowed to 
stand 24 houis in the absence of oxygen Small amounts of black pigment 
sepal ated and neie lemoved The filteied solutions possessed the same 



Fig 1 The spcctrophotometnc course of the reaction bet\\een silver o\ido and 
3,4-dihydro\yphcnyIalanme A, Curve 1 represents the spectrum of the original 
3,‘l-dihydro\ypbenjlalanino solution, Curve 2 after 0 5 minute of reaction, Curve 
3, 1 minute. Curve 4, 2 minutes. Curve 5, 3 and 4 minutes. Curve 6, 10 minutes, and 
Curve 7, 5 minutes of reaction between silver oxide and buffer alone B, Curve 1 
represents the spectrum observed after 0 5 minute of reaction, Curve 2, 1 minute, 
Cun c 3, 2 minutes, Curve 4, 3 and 4 minutes. Curve 5, 10 minutes, and Curve 6, 5min- 
utes of reaction between silver oxide and buffer alone 

absoiptioii spectium as the fieshly piepaied leaiiangement product, 
although the intensities of the maximum at 310 mp veie loweied as much 
as one-third 

Tlic reairangement product giving the absorption spectium with maxima 
at 275 and 298 mp was found to be leadily oxidized either by silver oxide 
01 in the presence of tyrosinase and oxygen In order to obtain the absorp- 
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tion spectrum of an mtermediate pioduct of oxidation, it provedmecessar 3 ’- 
to conduct the leaction in the piesence of a hmited amount of enzyme, 
6 5 umts in 0 1 ml added to 3 0 ml of solution This reaction was earned 



J’lG 2 Absorption spectra of intermediate oxidation products of 3,4-dihydroxj- 
phenylalanine A, Curve 1 represents the optimal spectrum obtained dunng the 
silver oxide-3,4-dihydroxyphenylalamne reaction. Curve 2 that observed 24 hours 
later, oxygen excluded, and Curve 3 that observed 20 minutes after the red pigment 
solution as brought to pH 13 B, Curve 1 represents the spectrum observed after 
150 minutes of reaction between 3,4-dihydroxyphenylalamne and tyrosinase. Curve 
2 that after 20 minutes of reaction between 5,6-dihydroxyindole (prepared stepwise 
from 3,4 dihydrox 3 Tihenylaianine) and tyrosinase at pH 5 6, and Curve 3 after 15 
minutes reaction betw een the same reagents at pH 6 8 

out at pH 5 6 and 6 8 In each case a purple coloi developed and maxima 
appeared m the absorption spectrum at 300 and at 540 mp These changes 
are illustrated m Fig 2, B, Curves 2 and 3 
Enzymic Oxidation of 3 ,4-DihydroxyphenyManine — The concentration 
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of 3 , 4 -dih 3 ’’dio\yphenylalanine solutions employed in this study was mam- 
tained at 0 027 mg pei ml To 3 0 ml of substiate solution were added 
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Fig 3 The spectrophotometric course of the enzymic oxidation of 3,4-dihydro\y- 
phcnj lalamne The curves represent the spectra observed, A, after 10 minutes, B, 
after 25 minutes, and C, after 100 minutes of reaction at (Curve 1) pH 5 6, (Curve 
2) pH G 8, and (Curve 3) pH 8 4 


27 units of t 3 uosmaso in 0 1 ml The experiments were conducted at 
pH 5 G, 6 8, and 8 4 In Fig 3, A, B, and C aie presented the absoiption 
spectra obtained after 10, 25, and 100 minutes of reaction The lates of 
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change of density at 305 ma at the thiee pH values weie also deteimmed 
(25°) and the icsults are piesented in Pig 4 The absorption spectrum 
of the pigment obtained in this mannei was the same as that piepared b3r 
the silver oxide reaction No variation in the position of the maxima as a 
result of differences m pH was obserA^ed 
Aftei some mmutes of reaction general absorption became apparent 
in the spectra measured at each pH However, at 150 mmutes (m the 



MINUTES 


Fig 4 The spectrophotometnc course of the enzymic oxidation of 3,4 dihydroxy- 
phenylalamne The curves represent the optical density at 305 m/i as a fimotion of 
time when the reaction was conducted at (Curve 1) pH 5 6, (Curve 2) pH 6 8, and 
(Curve 3) pH 8 4 Curve 4 represents optical changes in the substrate solution at pH 
8 4 in the absence of enzyme 


presence of tyrosmase) at pH 6 8, an mtei mediate phase showing maxima 
at 300 and at 540 mp developed This is illustrated m Fig 2, B, (Durve 1 
The absorption spectia of the reaction mixtures at each pH after 24 hours 
are depicted m Fig 5 

The absorption spectia of 3,4-dihydrox3Tihenj’'lalanme and the red 
pigment (silvei oxide preparation) at pH 5 6 have been recalculated as 
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Fig 5 Spectral curves of synthetic 3,4-dihydroxyphenylalanine melamns The 
curves represent the spectra observed after 24 hours of reaction between 3,4-dihy- 
dro\yphenylalanine and tyrosinase at (Curve 1) pH 5 6, (Curve 2) pH 6 8, and (Curve 
3) pH 8 4 



Fig 6 Molecular extinction coefficients of (Curve 1) 2-carbo\y-2, 3-dihydrom- 
dole-5,6-quinone in buffer, pH 5 6 (silver oxide preparation), (Curve 2) 6,6-dime- 
thoxj indole in ethanol, (Curve 3) 3,4-dihydro\yphenylalanine m buffer, pH 5 6, 
and (Curve 4) 2-carboxy-5,6-dimethoxyindole in ethanol 
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molecular extinction coeflBcients and are presented in Fig 6 To these 
have been added the absorption spectra of 5 , 6-dimetho\yindole and 2- 
carbo\y-5,6-dimethox3andole in ethanol 

DISCUSSION 

The spectral changes accompanying the transformation of t5Tosme or 
3,4-dihydroxyphenylalanme into synthetic melanins have previously 
been studied by Bloch and Schaaf (12), Florence, Enselme, and Pozzi 
(13), and by Ginsburg (14) Absorption spectra characteristic of inter- 
mediate substances were not reported 
The absorption spectrum of 3,4-dihydroxyphenylalanine has been de- 
termmed by a number of mvestigators The values reported are sum- 
manzed m Table I In the present study, the absorption spectrum of 


Table I 

Ahsorplton Spectrum of S,4-DthydroxyphenyIaIamne 


£iblio^pluc reference 

Solvent 

Maxunum 

Log < 

Bloch and Schaaf (12) 

0 1 N NaHCO,, 

rttfi 

280 7 

4 26 

Florence and BessiSres (15) 

pH 81 
pH 1 0 

282 

4 09 


pH 116 

303 

4 61 

de Gouveia, Coelho, and 

0 1 N HCl 

279 8 

3 41 

Schon (16) 

0 1 N NaOH 

298 3 

3 60 

Abderhalden and Rossner (17) 

Water 

278 

3 39 

Marchlewski and Skarzynaki 

0 1 N Ha 

280 8 

3 42 

(18) 

Present investigation 

pH 6 6-6 8 

280 

3 43 


3,4-dihydroxyphenylalaiune at pH 5 6 and 6 8, maximum = 280 m/n, 
log € = 3 43 (Fig 6), did not show an inherent dependence upon hj’-drogen 
ion concentration In view of the relative agreement between the values 
found and those reported by de Gouveia, Abderhalden, and Marchlev ski, 
the values of Bloch, Schaaf, and Henn, and Florence and Bessiferes may 
reflect autoxidative degradation of the solute and the presence of substances 
other than 3,4-dihydroxyphenylalamne in solution Under these cir- 
cumstances, reversibihty of the apparent pH effect is improbable 

First Phase of Melanogenesis 

The theory and assumptions underljung the use of kmetic spectropho- 
tometry have been briefly discussed in another paper (19) 

In the first spectrochemical phase of the enzymic transformation of 
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3,4-chhydio\yphenylaIanine into a synthetic melanin, a led pigment with 
absorption maxima at 305 and 475 mju accumulates The late of foima 
tion of this pigment incieases mth inci easing hydroxide ion concentiation 
(Fig 4) within the limits investigated The late of formation has been 
shown to be dependent upon enz 3 ’'me concentiation ((1), and cf (20)) The 
rate at which the pigment enteis the subsequent leaction in the enzymic 
sequence leading to melanin also incieases with inci easing hj^di oxide ion 
concentiation (Fig 3, A, B, and C) This obseivation is in accoid mth 
Raper’s findings (2) and suggests that at some pH lowei than 5 6 (but 
higher than 2 0, see below) the pigment may be relatively stable The 
first spectrochermcal phase therefore arises because the red pigment foims 
more rapidly than it is consumed in the subsequent step The failure 
of other intermediates to accumulate has been explained by Evans and 
Rapei ((3) p 2162) 

The red pigment may exist in either of two postulated forms, 2-caiboxy- 
2, 3-dihydroind ole-5, 6-qumone (I, o) or 2-caibo\3’--2,3-dihydro-6-hydro\T- 
indole-l,5-qumonimine (I, h) (5) (21) Inferences ^vith respect to 


0 


\/\ 


H 


-H 

^COOH 


/■X/Vn/x 

0 1 H 

H 

(la) 


0 H 

\/\- 


-H 

^COOH 


/\/^N/X 

HO H 


(Ib) 


structuic may be made b 3 '^ comparing the absorption spectrum of the 
pigment with those of substances which may be sti uctui ally i elated T\\ o 
such substances are lubreseiine (II) and adrenocluome (III), in both of 
which a fixed 2,3-dih5^diomdole-5,6-qu]none nucleus exists 


0 CH,H 


X/X 1 

1 

■ "T-r 

A/ 

> 

\^/ 

1 

\N/ 

1 

— 

X 

H 


CH, CH, 
(ID 


0 


\/V 


H 


-OH 

-H 


/'X/'^N/X 

O 1 H 

CHj 

(III) 


Tlio absoiption spectra of these compounds, together with those of the 
led pigment prepared by the silver oxide reaction and bj'' the enzymic 
oxidation, and finally that of the presumably identical hallachiome (22) 
are picscnled in Table II The positions of the maxima of the red pigment 
jircpaied b\ cithei pioccduic and those of lubieserine and adrenocluome 
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are almost identical The intensities of absorption at these ma-ama of 
rubresenne and the red pigment are also almost identical It is concluded 
that the observ ed spectrum of the pigment confirms the nuclear structure 
already proposed bj Eaper (5) and establishes the o-qumonoid tautomer 
as that predominating in the pH range 5 6 to 8 4 
Hallachrome is the red pigment isolated from the sea worm Ealla par- 
thenopaea by hlazza and Stolfi (22) and charactenzed bj’’ them as identical 
to the red intermediate pigment obtained by enzjTnic oxidation of 3,4- 
dih} droxjTihen} lalamne Hon ever, it is now found that the reported 

Table II 


Absorption Spectra of Red Pigment and Related Compounds 


Substance 

Solvent 

Maximum 

Log < 

Maximum 

Log • 

Red pigment (silver 

Buffer, pH S 6 

rtfx 

305 

3 97* 

vin 

475 

3 54* 

oxide reaction) 






Red pigment (enzymic 

“ “56 

305 

3 97* 

475 

3 57* 

reaction) 



i 



Red pigment (enzymic 

“ "68 or 

305 

t 

475 

t 

reaction) 

Rubresenne (23) 

84 

Water 

300 

3 m 

480 

3 44t 

Adrenochrome (23) 

<< 

305 

§ 

480 

§ 

“ (24) 

tt 

310 

§ 

285 

§ 

Hallachrome (22) 

Buffer, pH 5 6 


i 

539 

4 210 

1 


The figures in parentheses are bibliographic references 
• Calculated on the basis of the structure proposed by Raper (5) 
t Decomposition nas too rapid at these hydrogen ion concentrations to permit 
determination of optimal molecular extinction coeflScients 
t Calculated from data onginally published in graphic form 
§ Extinction coefficients not reported 
il Recalculated from data expressed in other terms 

absorption spectrum of hallachrome differs from that of the red pigment 
(Table I) m that it shows a maximum m the xusible region at 539 mji 

Second Phase of Melanogonesis 

The second spectrochemical phase of the enzjmic transformation of 
3,4-clih3drox5T)hen3dalamne mto melamn was too elusne to be observed 
at any but pH 6 8 At this pH level the spectrum of the red pigment 
disappeared and tw o new maxima, at 300 and at 540 mp, developed (Fig 
2, B, Curx’-e 1) 

If the sequence of reactions takmg place m the presence of tyrosmase 
mvolves the rearrangement of the red pigment, the second phase spec- 
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trum should be identical ivith eithei that of the leairangement product 
itself 01 mth that of a substance deiived from this pioduct The latter 
lelationship was found to obtain The leaiiangement pioduct, piepared 
bj'' maintaining the led pigment at pH 5 6 in the absence of oxygen, pos- 
sessed absoiption maxima at 275 and 298 m/i ivith no absorption in the 
visible region (Fig 2, A)^ shaipl}'- diffeiing fiom the second phase spectium 
In similar but not identical expeiiments Rapei (5) has sliomi that the 
reariangement of the led pigment maj'- yield 5 , 6-dihydroxyindole In 
the piesent expeiiments the substance formed was identified as 5,6-di- 
hydroxjandole bj'' the similaiity of its absoiption spectium to that of 
5 , G-dimethox3nndole (Table III), there being in geneial little diffeience 

TABIiE III 


Absorphon Spectra of Rearrangement Products of Red Pigment and Related Compounds 


Substance 

Solvent 

Maximum 

Log t 

Maximum 

Log ( 



W/X 




5, 6-Dimetho\yindole 
Rearrangement product 

Ethanol 

272 

3 68 

296 

3 86 

(pH 5 6 reaction) 
Rearrangement product 

Buffer, pH 6 6 

275 


298 


(pH 1 3 reaction) 
Rearrangement product 

« << 

310 




(pH 1 3 reaction) 
Rearrangement product 

“ "56 

310 




(pH 1 3 reaction after 
standing 24 hrs at pH 

5 6) 

" "56 

1 

310 




2-Carbo\y-5, 6-dimeth- 






oxyindolo 

Ethanol 

1 

319 

4 15 




between the positions of the maxima of undissociated phenols and their 
methyl etheis (25, 26) These spectral cuives aie, fuithermoie, unlike 
those of 2-caiboxy-5,6-dimethoxyindole (Fig 6) and any of a vaiiety of 
indole derivatives already reported (27-29) 

Hovevei, vhen solutions of 5,6-dihydioxyindole, obtained by the re- 
arrangement of 2-carboxy-2,3-dihydroindole-5,6-qumone at pH 5 6, are 
subjected to gentle oxidation in the presence of tyrosinase at eithei pH 
5 6 01 6 8, a new absorption spectium develops It is characteiized by 
maxima at 300 and 540 my. (Fig 2, B, Curves 2 and 3) The identity of 
these spectral cuives with that characteristic of the second phase of ty- 
rosinase oxidation of 3,4-dihydrox3’'phen3dalanme (Cuiwe 1) is evident. 
DifTeiences in intensit3’' are due to loss of substrate duiing the stepivise 
preparation of 5 , 6-dihydrox3undoIe 
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In view of the proved dehydrogenation of catechols to o-qumones in 
the presence of tyrosinase (30) and the catecholic nature of 5,6-dihydioxy- 
indole, it may be inferred that the purple pigment possessing the absorption 
spectrum with maxima at 300 and 540 m/i is mdole-5,6-quinone (W) or 
its quinommine tautomer 






H 


(IV) 


The second spectrochemical phase then arises because the purple pigment 
forms more rapidly than it is consumed m the subsequent step In view of 
the instabihty of 2-caiboxy-2,3-dihydroindole-5,6-qumone, these data 
also suggest that the absorption spectrum of hallachrome (Table II) meas- 
ured by Mazza and Stolfi (22) was in fact that of mdole-5 , 6-qumone The 

chemical evidence m support of the structure of hallachrome which these 
investigators advanced remains, however, sufficient to estabhsh the identity 
of hallachrome itself -mth 2-carboxy-2,3-dihydromdole-5, 6-qumone 
When the rearrangement of 2-carboxy-2,3-dihydromdole-5,6-quinone 
takes place in acid solutions there is formed a product, the spectral curve 
of which (Fig 2, A, Curve 3) is closely related to that of 2-carboxy-5,6-di- 
methoxymdole (Fig 6, Curve 4) The formation of 2-carboxy-5,6-dihy- 
droxymdole as a result of acid rearrangement is therefore indicated This 
observation explams why reduction of a 2,3-dihydroindolequmone vuth 
sulfurous acid should yield a dihydroxymdole (5, 22) 


O 




-H 

-COOH 


/XZ-xn/X 
0 I H 

H 


H+ 

hIsoT^ 


HO 

YVi 

HO I 
H 


The present evidence thus mdicates that the rearrangement is subject 
to both hydroxide and hydrogen ion catalysis The former mechamsm 
IS shoivn to lead to 5,6-dihydrox3undole and the latter to 2-carboxT-5 , 6- 
dihydroxjundole 

The identity of absorption spectra of 2-carboxj'^-5,6-dihydroxyindole 
at pH 1 3 and pH 5 6 (Table III) suggests that this substance does not 
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exist as a cation at either hydiogen ion concentration (26) The stability 
of Its spectrum at pH 5 6 foi 24 houis in the absence of oxygen (Table III), 
a condition under which the led pigment learianges to 5 , 6-dihydroxy- 
indole, proves that, duiing the reaiiangement at pH 5 G, 2-carboxy-5,6- 
dihydrox3undole is not foimed first, to undergo subsequent decaiboxylation 
to 5 , 6-dihydro\3''indole 

Third Phase of M elanogenesis 

In the third spectrochemical phase of the 0023^10 foimation of a melanin 
from 3,4-dihydioxyphen3dalanine, geneial absoiption became apparent 
at each of the thiee hydrogen ion concentrations investigated (Fig 5) 
Some specific absorption was also obseived in the ultraviolet region The 
general absorption may best be interpreted by postulating that the resonat- 
ing foims of the monomelic melanogen have coupled to produce distributed 
molecular sizes of a pob^mer containing one or moie long s3'stems of linear 
oscillatois Some scatteiing may also be present 

A variety of melanins, both s3Tithetic and deiived, have been reported 
to display only geneial absorption (12, 14, 31-35) Some positive con- 
clusions have been drawn as a result of the lough similaiities between the 
absorption spectia of these polymeiic 01 high moleculai v eight materials 
(14, 34), but in view of the non-specificity of the absorption, the lack of 
chemical chaiacteiizations, and the colloidal natuie of the absorbing sub- 
stances, and, finally, because of the presence of undefined concomitant 
materials, it does not seem possible to lefei similaiities or diffeiences in 
absoiption spectia to similarities or diffeiences in the stiuctures of the 
pigments involved 

Several h3"potheses have been advanced for the structure of the melanin 
formed by the enzymic oxidation of 3,4-dih3’-dio\3^phenylalanme Bloch 
and Schaaf (12) suggested that the 3 ,4-qumone of phenylalanine undergoes 
intermolecular condensation mth simultaneous deamination, leading to 
(V) This position is no longei tenable in view of the findings of Raper 
(5) Clemo and Weiss (36) suggest that 5,6,5',6'-tetiahydioxymdigo 
is formed fiom 5 , 6-dihydi oxyindole by a non-enzymic oxidation of the 
heterocyclic iing, and that this substance, as its quinone or a molecular 
compound (VI), is an important constituent of melanin pigments Cohen 
(37-39) has pioposed that 5 , 6-dih3-droxTmdox3d is foimed from 5,6-di- 
h3’’drox3’’indole and that melanin subsequently appears because of an in- 
dox3'l-isatm tvpc condensation (VII) Howevei , it has now been shoivn 
that 5,6-dih3diox3undole is readily oxidized in the piesence of tyrosinase 
Since the most probable product, indole-5,6-quinone, is a molecule pos- 
sessing the quinone, amine, and pyrrole functions, and since there is con- 
siderable evidence estabhshing the reactivity of the first with the second 
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and third (40, 41), it now seems reasonable to regard indole-5,6-quinone 
as at least a bifunctional monomer capable of undergomg coupling with 
itself The pobnner thus arising, or its qumonoid oxidation product, 
would accordingly be sj-nthetic dihydroxyphenylalanme melanin 
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SUMMARY 

1 The enzymic oxidation of 3,4-dihydroxyphenylalanme proceeds 
in three chromophonc phases which are characterized by absorption spectra 
with maxima at (a) 305 and 475 mp, (b) 300 and 540 m/i, and by (c) general 

absorption 

2 The first chromophonc phase was found to correspond to the formation 
of 2-carboxy-2,3-dihydromdole-5,6-qumone This tautomeric form of 
the substance was found to predommate m solution m the pH range in- 
vestigated, 5 6 to 8 4 

3 2-Carboxy-2,3-dihydromdoIe-5,6-qumone rearranges to 5,6-dihy- 
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dio\Tindole upon standing at pH 5 6 to 6 8 When 5 ,C-dihydio\ 7 mdole 
IS enzymicallj'’ oxidized, a pioduct is obtained, the spectrom of which 
coiiesponds to that of the second phase of the enzymic oxidation of 3,4- 
dih 3 ’'droxyphen 3 dalamne 

4 2 -Caiboxy- 2 , 3 -dih 3 '-dioindole- 5 , 6 -quinone leaiianges to 2-caiboxy- 
5 , 6 -dih 3 ’-drox 3 ^mdole upon standing at pH 1 3 to 2 0 

5 The spectral curves of melanins fonned by the enzymic oxidation of 
3 , 4 -dih 3 ’'droxyphenylalanine at pH 5 6 , 6 8 , and 8 4 display geneial ab- 
sorption 
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EXCRETION IN REPTILES 

II NITROGEN CONSTITUENTS OF THE URINARY CONCRETIONS 
OF THE OVIPAROUS SNAKE ZAAIENIS DIAHEiMA, SCHLEGEL 

By FOUAD KHALIL 

{From the Department of Zoology, Faculty of Science, Found 1st University, 

Cairo, Egypt) 

(Received for publication, September 2, 1947) 

Some of the unnaiy nitrogen constituents have been determmed for a 
few snakes Boussmgault (1) found that 80 per cent of the excretoiy 
nitrogen of the boa constrictor and the python is in the form of unc acid 
Bacon (2) claims that unc acid m the python amounts to 89 per cent of 
the total nitrogen, while 8 7 per cent is m the form of ammonia and 2 3 
per cent m the form of ammo acids, creatme, and creatmme Girod 
(3), workmg on Tropidonolus natnx, found that unc acid represents 80 
per cent of the e\cretoiy nitrogen The present ivork was undertaken 
to secure more detailed analyses of the urmaiy constituents of snakes 

Material and Methods 

Zamenis dtadema excretes its urmary constituents m the form of wet 
masses or concretions There is no fluid unne These urmary masses 
diy up quickly on exposure to the air to form bnttle, greemsh 3’^ellow or 
white concretions Microscopical exammation of these unnai^'^ masses 
shows that they consist mostlj'- of amorphous granules together with mmute 
globular masses show mg stnations radiatmg from the center of each globule 
The urmary concretions employed m the present work were collected 
dunng a period of 1 month from fifteen animals kept m the laboratoiy 
under conditions as similar as possible to their natural habitat The 
animals took their food regularly, mcreased m body w'eight, and appeared 
healthy Urmary concretions were freed under the microscope from fecal 
and sand particles stickmg to them, ground up mto a fine powder, and left 
m the desiccator for 24 hours 

The procedure adopted for the analj’^sis was as follows Total nitrogen 
w^as estimated for a certam w'eight of the powdered unnary deposit An- 
other w'eighed portion wms dissolved m warm water, left to cool, and then 
filtered on a silica filter funnel of knowm w eight The filtrate was diluted 
to a definite volume and specimens from this filtrate were analj^zed for 
total nitrogen, urea, ammoma, uric acid (soluble urates), ammo acids, 
creatmme, creatine, and allantom The funnel wnth the w ater-msoluble 
portion was left to diy to a constant weight m the desiccator, after which 
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the weight of the insoluble portion was estimated and the total nitiogen 
determmed for a knoun weight of the insoluble portion The funnel with 
the remammg insoluble pait ivas weighed and its contents dissoh^ed in a 
1 per cent solution of lithium h 3 '-dio\ide This latter solution was diluted 
to a known volume and specimens fiom it v ere anab'^zcd for total nitiogen 
and uiic acid The funnel was left to diy to a constant weight in the 
desiccator and then veighed Plippuric acid vas also deteimmed on a 
Icnovn weight of the origmal powdeied deposit Anothei weighed amount 
of this deposit was dissolved in dilute sodium caibonate solution and was 


Table I 

Nitrogen Constituents Found in 1 Gm of Urinary Concretions of Zamems 

diadcma 


CoBSUtUenti 

Nitrogen 

N partition in per 
cent of total N 
excreted 

Total nitrogen 

CO 

£ ^ 
CO 

100 

" " in n ater-soluble portion 

98 6 

31 27 

“ “ “ n ater-insoluble portion 

216 4 

68 63 

Urea in water-soluble portion 

6 4 

2 03 

Ammonia in n ater-soluble portion 

13 7 

4 35 

UriP acid “ 

36 8 

11 67 

Ammo acids m n ater-soluble portion 

14 3 j 

4 54 

Creatinine “ “ “ 

0 1 

0 03 

Creatine “ “ “ 

0 2 1 

0 06 

Allantoin “ 

None 

None 

Uric acid in LiOH solution 

174 5 

55 34 

Hippuric acid in whole deposit 

8 5 

2 70 

Purine bases “ “ “ 

6 2 j 

1 97 

Undetermined “ water-soluble portion 

27 1 

8 59 

Undetermined “ w ater-insoluble portion 

27 2 j 

8 6 


used for the estimation of the total puime bases by the ICniger and Schmid 
method as modified by Benedict and Saiki (4) Methods of analysis aie 
the same as those used in Papei I (5) Results aie calculated to 1 gm of 
the origmal povdeied substance 

DISCUSSION 

Tlie lesults of the analysis aie shown in Table I 
Altliough the urinary substances are excieted as solid masses, about 31 27 
per cent of the total excretoiy nitrogenous compounds exists m a w^ater- 
soluble form Urea and ammonia form togethei only 20 per cent of that 
soluble portion 
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Uric acid represents the major nitrogen end-product, but values ob tamed 
m the present work for the percentage of uric acid nitrogen to total nitrogen 
excreted are lover than those obtamed by earlier workers Moreover, 
about 17 per cent of the uric acid excreted is m the form of soluble urates 

SmiMART 

1 Urmary substances of Zamems dtadema are excreted as sohd con- 
cretions No fluid unne exists 

2 About 31 3 per cent of the excretoiy nitrogenous compounds is water- 
soluble 20 per cent only of the soluble portion is present as urea and am- 
moma 

3 Unc acid amounts to 67 per cent of the total excretory nitrogen 
About 17 per cent of the uric acid is in the form of soluble urates 

4 Allantom is absent 
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III NITROGEN CONSTITUENTS OF THE URINARY CONCRETIONS 
OF THE VIVIPAROUS SNAKE ERYX THEBAICUS, REUSS 

By FOUAD KHALIL 

{From the Department of Zoology, Faculty of Science, Fouad 1st University, 

Cairo, Egypt) 

(Received for publication, September 2, 1947) 

As far as it could be ascertained, no analysis of the unnaiy constituents 
of any viviparous snake has been carried out 

Material and Methods 

The urinary constituents of this animal are excreted in The form of dry 
masses or concretions They are generally white m color, but they some- 
times contain greenish yellow patches Unlike those of Zamems diadema 
(1) they are not brittle, but rather hard When exammed microscopically 
they were found to consist principally of club-shaped ciystals together with 
rosettes and globular crystals showmg radiatmg striations The matenal 
used in the present work was collected from nine healthy animals kept m 
the laboratory The procedure followed in the present mvestigation is 
the same as that of Paper II (1) 

DISCUSSION 

The results of the analysis are shorni in Table I 

It is significant that although Eryx thebaicus is a viviparous animal the 
main nitrogen end-product is in the form of uric acid , thus the snake does 
not differ m this respect from oviparous species This finding does not 
follow the provisional generalization enunciated by Needham (2) in regard 
to nitrogen excretion m animals But discussion of the beanng of this 
finding on Needham’s view should be postponed until the work on nitrogen 
excretion of the embryos of this animal, as well as that of other viviparous 
reptiles, is complete 

The percentage of the water-soluble excretoiy nitrogen constituents is 
slightly higher than that of the oviparous snake Zamenis diadema (1), 
but about 80 per cent of that soluble portion exists m an as yet unidentified 
form 

Moreover, all of the unc acid is excreted m the msoluble acid form, 
no soluble urates are present as is the case with Zamenis diadema (1) 
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EXCRETION IN REPTILES III 


While uiea constituted about 2 pei cent of the total excretory nitrogen 
in the ovipaious snake Zamems diadema (1), it is completely absent from 
the urmary concretions of this viviparous snake 

Table I 


Nitrogen Constituents Found in 1 Gm of Urinary Concretions of Eryx ilicbatcus 


Constituents 

Nitrogen 

N partition in 
per cent of total N 
excreted 

Total nitrogen 

ms 

294 

100 

“ “ in water-soluble portion 

107 2 

36 46 

“ “ “ water-insoluble portion 

186 2 

63 43 

Urea in water-soluble portion 

None 

None 

Ammonia in water-soluble portion 

16 8 

5 71 

Uric acid “ “ 

1 0 

0 34 

Amino acids in water-soluble portion 

3 2 

1 09 

Creatimne “ 

0 1 

0 03 

Creatine “ “ “ 

0 6 

0 2 

Allantom “ “ “ 

None 

None 

Uric acid in LiOH solution 

183 8 

62 5 

Hippuric acid in whole deposit 

2 8 

0 95 

Purine bases “ “ “ 

0 9 

0 31 

Undetermined in water-soluble portion 

85 5 

29 OS 


SUMMARY 

1 Urmary constituents are excieted m the foim of dry sohd concre- 
tions 

2 Although Eryx ihehaicus is a viviparous animal, its mam excretoiy 
nitrogen is m form of uric acid All the uiic acid exists m the msoluble 
acid form and it amounts to 62 5 pei cent of the total excretory nitrogen 

3< About 36 5 pei cent of the total excietory nitrogen exists as water- 
soluble constituents, but 80 per cent of this soluble portion exists m an 
unidentified form 
4 Urea and allantom aie absent 
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DECREASE OF GLYCINE AND GLUTAMINE IN SKELETAL 
MUSCLE AND OF GLUTAMINE IN LIVER IN ASCORBIC 
ACID DEFICIENCY IN THE GUINEA PIG 

By HALVOR N CHRISTENSEN* and ELEANOR L LYNCH 
(From The Mary Imogene Bassett Hospital, Cooperstown, New YorJ ) 

(Received for publication, September 23, 1947) 

This commumcation reports an observation of the occurrence, m ascorbic 
acid deficiency in guinea pigs, of a large decrease of the glycme and gluta- 
mine of skeletal muscle and of the glutamme of the liver While the a- 
ammo mtrogen of glutamine of muscle normally was equivalent to about 
25 per cent of the non-glutamme a-ammo mtrogen, and glycme mtrogen 
represented about 35 per cent of the non-glutamme ot-ammo mtrogen, m the 
deficiency these values fell to averages of 7 and 13 per cent respectively 
The decrease m the glutamme of hvet was of similar size Ammo acids 
other than glycme and glutamme tended to be mcreased m hver, m plasma, 
and especially m muscle Gumea pigs restricted m food mtake to obtam 
weight loss similar to that of deficient animals did not show significant 
changes m glycme and glutamme distnbution 

EXPERIMENTAL 

Ascorbic acid deficiency was produced by feedmg male gumea pigs 
(Rockland Farms), weighmg 200 to 250 gm , the Rockland rabbit diet 
These apimals contmued to gam for a week, and then, after a day or two, 
lost weight at the rate of 8 to 10 gm per day They were sacrificed and 
the tissues analyzed between the 13th and 20th days of the rdgime An 
animal sacrificed on the 10th day showed no obvious hemorrhage m the 
muscles and analysis gave a nearly normal ammo acid distribution The 
tissues of a 430 gm gumea pig, showmg spontaneous nuld scurvy after 
mamtenance for months upon gumea pig ration alone, gave analyses sim- 
ilar to the more acutely deficient animals This animal was selected by 
chance for a prehmmary trial of the experimental procedure, leadmg us to 
the observation reported here 

A first group of controls mcluded ten animals of both sexes weighmg 350 
to 550 gm These also served to control other experiments to be reported 
They were fed the Rockland gumea pig diet ad hbiiiivi, with the addition 
of greens two or three times a week A second group of three males n ere 
random selections from a group of seven uniform animals, the other four 

* Present address, 300 Longwood Avenue, Boston 
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AMINO ACIDS 655 ' TISSUES IN SCURVY 


being included in the experimental group These controls were fed the 
Rockland gumea pig lation, supplemented on alteinate da 3 ’'S uith additional 
ascoibic acid A thud gioiip of male contiols neie fed a veiy low level of 
the gumea pig ration (reduced fiom 10 gm per daj'" to 3 gm pei day in 6 
days, then continued for 4 days at 3 gm per day) foi tided v itli additional 
ascoibic acid, in an attempt to simulate the weight loss of the scorbutic 
animals Although this regime caused the death of half the animals upon 
about the 10th day after weight losses of about 20 per cent, the rate of 
weight loss after the 4th day aveiaged 6 gm pei day, while the scorbutic 
animals lost about 9 gm per day 

Aftei a 12 houi fast, the gumea pigs were anesthetized lightly with ether, 
and blood was taken under oil by cardiac punctuie and transferied to 
tubes containmg heparin The animals iveie lulled at once by a blow on 
the head and the livei and musculatuie of a hmd leg were removed quickly, 
freed of visible adipose tissue, clipped mto small pieces, and divided into 
two portions which were weighed The major portion of each tissue was 
quickly extracted with 10 volumes of satuiated piciic acid in the Waring 
blendor The other smallei aliquot was analyzed for water content (1) 
By providing an operator for each tissue, it was possible to accomplish the 
suspension m piciic acid within 5 mmutes of the death of the animal A 
delay of an additional 10 mmutes did not, however, cause a measurable 
change m the a-ammo nitiogen content found foi muscle Tissues other 
than liver and muscle have not been examined 

We found that picric acid extracts of plasma or tissues gave findmgs for 
chloiide indistmguishable from those obtained upon nitiic acid extracts 
(1) or from those obtamed after diiect ashmg To 15 ml aliquots of the 
piciic acid extracts were added 1 ml portions of 0 05 N silver nitrate, ferric 
alum solution, and 1 ml of concentrated nitiic acid The resulting solu- 
tions, after bemg concentrated to less than 5 ml upon a steam bath, w'ere 
titrated in ice with 0 02 n thiocyanate solution 0 5 ml aliquots of plasma 
w'ere digested directly for chloiide analysis 5 volumes of piciic acid weve 
added to the lemamder of the plasma (2) to prepaie a filtrate low m protem 
content 

Aliquots of the picric acid extracts of tissues and plasma weie treated 
wuth neutral lead acetate accordmg to the method of Hamilton (2) to 
remove glutathione and ascorbic acid The resultmg solutions were ana- 
lyzed for gb^cine (3) and glutamine and non-glutamine a-ammo nitrogen 
b} the nmhydim-COo method (2) These filtrates yielded the same results 
for glycine in plasma as did tungstic acid filtrates, and glycme added to 
tissues was lecoveied w'ell m piciic acid-lead acetate filtrates 

The extracellular and mtracellulai water w^ere calculated accordmg to 
LowTy and Hastings (1) and the mtracellular ammo acid concentrations 
calculated under the assumptions that all of the chloiide was extracellular, 
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that the extracellular ammo acid concentration rvas 1 05 times that of 
plasma, and that the additional free ammo acids of tissues n ere m the cells 
The extracellular v.ater of the muscle of the deficient annuals uas as an 
average 9 per cent higher, the cellular water 17 per cent lou er (upon the 
basis of fresh tissue weight) than that of normal animals, so that deter- 

Table I 

Effect of Ascorlic Acid Def ctency upon Dislnhution of Amxno Acids between Cells 

and Extracellular Fluid 


The ammo acids are expressed in mg of a-ammo nitrogen The mean values 
are given, followed by the standard deviations 



Liver 

Mu&cfe 

Gluta 
mine con 
centratioQ 
of cell 
Viatcr 

Glutamme 

Gl> cine 

Residual* 

Conccn 

(ration 

10 cell 
water 

Cell 

glutamine 
Cell 
non plu 
tamine 

Concen 
(ration 
in cel) 
water 

Disirt 

bulioQ 

ratiot 

■ 1^9 

Concen 
tralion 
in lell 
Water 

Ristrj 

bution 

raliot 


mt per 

rtf Per 


mt per 



mg Per 



too gm 

WO [tn 





100 gm 


Controls (11), 

5 4 

5 4 

0 26 

7 9 

8 2 

0 35 

13 8 

6 2 

350-550 gm 

±1 5 

±1 7 

±0 07 

±4 5 

±2 1 

±0 10 

±2 9 

±1 3 

Controls (3),t 

4 9 

5 7 

0 24 

14 3 

8 7 

0 49 

13 6 

4 9 

290-330 gra 

±1 3 

±1 9 

rtO 08 

±2 8 

±2 0 

±0 05 

±4 5 

Azl 1 

Controls (4),§ 

6 7 

4 4 

0 17 

7 4 


0 29 

17 3 


restricted in- 

itO 6 

±0 8 

±0 01 

±2 5 


±0 08 

±1 2 


take, 200-220 









gm 









Scorbutic (5), 

1 8 

2 2 

0 066 

4 1 

4 2 

0 13 

24 

9 6 

200-221 gm 

±1 5 

±0 4 

±0 027 

±2 3 

±1 2 

±0 05 

±4 

±4 7 


* The a amino nitrogen after glutamine has been destroyed, less the glycine 
mtrogen 

t Distribution ratio = cell concentration to extracellular concentration 

t A group of seven animals was divided at random to make this group and a group 
including four of the scorbutic animals 

§ Fed a low level of Rockland guinea pig food, with additional ascorbic acid, to 
simulate the weight loss of the scorbutic group 

mmation of the water distribution was particularly desirable m these 
experiments The results are summarized m Table I 

DISCUSSION 

Tlie observation that glycme contributes a large and highly variable 
portion of the ammo acids of tissues of gumea pigs, and that the glycme 
levels tend to vary together m liver, plasma, and muscles, iviU be discussed 
m another communication 

The known metabolic relationships between f-ascorbic acid and ammo 
acids were reviewed by Mitchell (4) m 1943 These mclude a breakdown 



















no amino acids op tissues in scurvy 

m the metabolism of phenylalanine and tyrosine m ascorbic acid deficiency, 
and, in addition, several in vitro chemical leactions between ascorbic acid 
and ammo acids for which physiological countei pails have not been estab- 
lished The work of Wohlbach and his associates (5-7) showed that 
ascorbic acid is in some way mvolved m collagen formation A restriction 
of protein synthesis might result from an inability of the scorbutic animal 
to mamtam noimal concentiation gradients of glycine, and perhaps of 
glutamme, between plasma and tissue cells The high glycme content of 
collagen may render synthesis of this protem particularly sensitive to the 
low glycme concentration The “non-essentiahty” of glycme of course 
does not mean that this ammo acid is unnecessaiy for protem synthesis 
That gumea pigs leceivmg a diet very low m ascoibic acid lose more body 
weight than paiied controls fed isocalorically has been shoum by Anderson 
and Smith (8) and McHenry, Reedman, and Sheppard (9), although Shep- 
pard and McHenry (10) concluded that the difference was largely due to a 
decreased retention of water by the deficient animals McKee, Cobbey, 
and German (11) recently observed a biochemical defect m gluconeogenesis 
and glycogenolysis m scorbutic gumea pigs which apparently is a result of 
an adrenal cortical deficiency Possibly the defect recorded here may have 
a similar origm However, adrenalectomy m the rat apparently increases 
rather than decreases the concentration gradients of the (total) free ammo 
acids between muscle and plasma, a fall occur nng m the concentration m 
the plasma and a rise m the muscle (12) The excess of protem catabohsm 
m adrenal cortical hyperactivity is well known 

SUMMARY 

Scorbutic gumea pigs showed a reduction m the free glycme and gluta- 
mme content of muscle cells, and of the glutamme of liver cells much below 
that seen m normal animals or m fasted controls Ammo acids other than 
glycme and glutamme were inci eased m the deficient animals 
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THE ISOLEUCINE CONTENT OF SEED GLOBULINS AND 
;S-LACTOGLOBULIN 

By EMIL L SmTH and RICHARD D GREENE 

{From the Department of Biochemistry, University of Utah School of Medicine, 

Salt hale City, and the Biological Laboratories, E R Squibb and Sons, 

New BrunsuncL) 

(Received for publication, October 1, 1947) 

In a recent study of the anuno acid composition of some crystalhne seed 
globulms and /3-lactoglobuhn, the isoleucme content of these protems was 
determmed by microbiological assay (1) It has now been learned that 
the commercial sample of nn-isoleucine (Merck) which was used as a stand- 
ard m these assays contamed some nn-alloisoleucme ^ Smce the latter com- 
pound apparently cannot replace isoleucme in supporting the growth of 
Streptococcus faecahs which was used m our assays, the values obtamed 
earher are obviously too high, and new assays have been performed with a 
sample of DL-isoleucme (Merck) which is knowp to be free from the alio 
compound 

The imcrobiological assays were performed exactly as descnbed earher 
and on the same preparations of the crystallme protems (1) When the two 
samples of isoleucme used m the previous studies were assayed agamst the 
new standard, average isoleucme values of 76 and 88 per cent were found 
It is, therefore, not possible to make a blanket correction of the old assays 
The new determmations of the isoleucme content of the protems are given 
m Table I, together with the values obtamed previously 

Less variabihty m the results was encountered m these measurements 
than was found earher , this may be simply a reflection of the use of a smgle 
standard Edestm and j3-lactoglobuhn gave values which were 76 and 70 
per cent of those previously reported The isoleucme content of the other 
protems has now been determmed to be about 85 5 per cent (average of 
82, 87, 84, and 89 per cent) of the earlier estimations Thus, the new values 
are m reasonable accord with the direct assays of the isoleucme content of 
the old standards 

Our result of 6 1 per cent for the isoleucme content of /3-lactoglobuhn is 
m excellent agreement with the 5 86 per cent obtamed by Moore and Stem 
(2) usmg the starch chromatogram method These results are lower tbnn 

' We are indebted to Mr F A Bacher of Merck and Company, Inc , for this infor- 
mation, and for the sample of highly purified DL-isoleucme which was used as a stand- 
ard in this investigation According to Mr Bacher, the punty of the purified iso- 
leucine was greater than 99 per cent, as indicated by solubility studies 
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ISOLEUCINE CONTENT OF PROTEINS 


the 8 4 per cent reported by Brand el al (3), and the 7 0 per cent found by 
Stokes el al (4) 

It IS probable that some of the studies of the isoleucine content of proteins 
and othei biological mateiials which have been peiformed by microbiologi- 
cal assay were made with standaids containing some alloisoleucme Such 
results would give high values Unfoitunately, optically active isoleucine 
from proteins is not readily available, and there are no simple satisfactoiy 
tests for estimating the DL-alloisoleucine content of any particular sample 
of DL-isoleucine Repeated recrystallization fiom water-ethanol mixtures 
is repoited to separate isoleucine from the alio compound (5) 

Table I 

Isolcjicino Conlcnl of Seed Globulins and ^-Lactogldbuhn 


The values are averages for four separate hjdrolyses and are given for the anhy- 
drous ash free proteins For each hydiolysate, the average of several measurements 
at different grow th levels is regarded as a single determination 


Protein 

1 Isoleucine content 

Old isolcurine value 
Smith and Greene (D 


per cent 

per cent 

Edestin 

4 7 rfc 0 1 

C 2 

Pumpkin 

4 6 ± 0 2 

5 3 

■Watermelon 

4 7 d= 0 1 

6 7 

Cucumber 

4 9 ± 0 1 

6 5 

Tobacco 

5 3±0 1 

6 3 

(5-Lactoglobulm 1 

6 1 ± 0 1 

8 7 


SUMMARY 

New anal 3 ’'ses are lepoited for the isoleucine content of seveial cr 3 ’’stallme 
seed globulins and ^-lactoglobulin, as detei mined by microbiological assay 
vith Streplococciis faecahs Eailier lesults were found to be too high be- 
cause the standards of DL-isoleucine which uere used contamed some dl- 
alloisoleucme vhich is inactive biologically 
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CHANGES IN RAT LIVER ENZYME ACTIVITY WITH 
ACUTE INANITION* 

RELATION OF LOSS OP ENZYME ACTIVITY TO LIVER 
PROTEIN LOSS 

Bt LEON L MILLER 

(From the Department of Biochemtstry, Jefferson Medtcal College, Philadelphia) 
(Received for publication, October S, 1947) 

The exact mechanism of the mcreased susceptibihty to poisons of the 
hver m the protem-depleted dog, rat, and human remains obscure A 
previous report (1) raised the question of a general loss of activity of the 
hver enzymes as bemg the result of protein depletion But without a 
knowledge of the precise mode of action of such toxic agents as chloroform, 
it IS not possible to focus a study on the immediate problem However, 
the effect of protem depletion on enzyme activity in general seems funda- 
mentally important enough to warrant a study of the effect of mamtion 
and the resulting hver protem depletion on a number of liver enzymes 

Addis el al (2) have systematically studied the tissue protem lost by the 
rat dunng fastmg for penods up to 7 days, m which time the hver may 
lose 40 per cent of its protem Kosterlitz (3) has extended the study to 
mclude and correlate changes in hver phosphohpide and nucleoprotem 
Kaplansky el al (4) have described the decrease of deammating, trans- 
ammatmg, and glycogen-fonmng functions m protem-depleted rats 

This report presents data on changes m activity m rat hver enzyme with 
acute mamtion mduced by a 7 day fast The enzjunes studied were se- 
lected because they represent enzymes of different functional classes, 
because their intracellular distnbutions differ, and because their activity 
may be measured m multiple fashion without manometnc techniques 
The observed changes m catalase, alkahne phosphatase, xantbme dehydro- 
genase, and cathepsm activity parallel or exceed the loss of hver protem 
It thus appears that the biochemicaUy functional protems of the hver cell 
(t e , the enz3mes) are sacnficed along with cell proteins m general These 
findmgs relate to a number of important questions concemmg (1) the 
metabolic relation of enzymes to recogmzed morphologic structures of the 
hver cell, (2) the relative stabihty of intracellular enzyme protems under 
conditions of organ protem catabolism or loss, (3) the importance of dietary 
protem m mamtammg not only the mtegnty of organ protem m general 

• Part of this report was presented at the meeting of the Amen can Society of 
Biological Chemists at Chicago, May 22, 1947 (Federation Proc , 6, 279 (4947)) 
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LIVER ENZYAIE ACTIYITY 


but enzyme protems m particular, and (4) the i elation of dietary protein 
to the phenomenon of enzyme adaptation in highei mammals 

Methods 

Male and female lats of Sheiman strain, weighing 225 to 350 gm and 
175 to 250 gm lespectively, weie mamtained on a stock synthetic diet for 
at least 10 daj'^s pnoi to then use The diet contained vitamin-fiee casein 
(General Biochemicals, Inc ) 25 pei cent, glucose, anhydrous Merck, G1 
per cent, Mazola oil 10 per cent, salt miNduie U S P XII (General Bio- 
chemicals, Inc ) 4 pei cent, and the following vitamins^ pel kilo thiamine 
10 mg , riboflavin 10 mg , pyndovine 10 mg , calcium pantothenate 30 mg , 
macin 25 mg , choline cliloiide 1 gm , menadione 4 mg , inositol 500 mg, 
Mtamin A 60,000 lu , and vitamin D 1500 i u Conti ol animals were 
allowed food until immediately before saciifice Fasted lats weie placed 
in mdividual cages and allowed only water ad libitum foi 7 da 3 'S The 
lats were lolled by stunnmg, transection of the gieat vessels of the neck, 
and exsanguination The hveis were lapidly removed in ioto, blotted fiee 
of blood with filter papei , and homogenized with a volume of double dis- 
tilled vater equal to 9 times the weight of the tissue used 3 minutes 
homogenization in the Waimg blendoi gave stable suspensions m which 
neithei intact cells noi nuclei could be detected after staining with methylene 
blue 

Catalase activity was measured bj'- diluting the original homogenate to 
100 times its volume with 0 02 m phosphate buffer, pH 6 8, and using 1 ml 
ahquots of the lesultmg 1 1000 suspension according to the method of 
von Eulei and Josephson as modified by Jolles (5) The units of actmty 
pel gm of hvei weie obtained by multiplying the unimoleculai reaction 
constant (extrapolated to zero time) by 51,000 

Alkaline phosphatase activity was measured with the 1 10 homogenate 
by the method of Bodansky (6) at 37°, pH 9 2 to 9 3, and the phosphate 
hbeiated was estimated by the method of Fiske and Subbarow (7) The 
units of phosphatase activity aie expressed in terms of mg of P liberated 
per gm of hvei pei lioui 

Xantlune dehydrogenase activity was measuied at 37° and pH 7 6 ac- 
cording to the Thunbeig technique described by Figge and Strong (8), 
except that the homogenate was dialyzed against several changes of dis- 
1 c in the lefngeiator for 24 hours Units of activity are based 

® Wieland (9), 1 imit aibitiarilj’- decolorizing 1 ml of 

0 001 M methjdene blue in 5 minutes at 37° 

» We are indebted to Merck and Company, Inc , Rahway, New Jersey, for a gener- 

OUS SUDDlV of vifnminn ® 
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Cathepsin activity was measured, at 37° and pH 3 7 to 3 8 by mixing a 
1 ml abquot of the 1 10 homogenate with 5 ml of dog hemoglobm dena- 
tured by the method of Anson (10) After exactly 0 and 3 hours, the re- 
action was stopped by mixmg the contents with 10 ml of 5 per cent tn- 
chloroacetic acid The resultmg suspension was centrifuged and 4 ml 
ahquots of the supernatant w ere analyzed m tnphcate for N by the micro- 
Kjeldahl procedure The increase m soluble N as a result of cathepsm 
activity IS expressed m terms of mg of hemoglobm N made soluble per 
gm of hver m 3 hours 

The mtrogen content of the 1 10 homogenate was determmed by the 
micro-Kjeldahl procedure m tnphcate on 0 5 ml ahquots, and the N content 
thus determmed is assumed as a measure of the protem content {t e , per 
cent hver protem = per cent N X 6 25) 

The activity of all the en 2 ymes studied is also expressed m terms of 
umts per 100 gm of body weight and m terms of umts per gm of hver 
protem Both these methods of expression eliminate vanations seen m 
the figures for “umts per gm of hver” as a result of dilution by glycogen 
or hpide 

Expressmg results m umts per 100 gm of body weight has been justified 
as being a method of comparmg total activity m animals of different weight, 
and also is repiesentative of the total enzyme activity for a given animal 
In the fasted animals, the “imtial body weight” is used for this computation 
because it is comparable to the imtial w'eight of the hver, from which 
losses have occurred 

The enzjme activities m terms of umts per gm of hver protem allow a 
direct comparison of the loss of enzyme actmtj'^ mth the loss of hver pro- 
tem m general, and immediately reveal whether enzjme protem (activity) 
IS preferentially conserved, lost at the same rate, or lost m excess of organ 
protem m general 

Results 

Table I presents a comparison of hver catalase activity m normal fed 
rats with fasted rats In the case of hver catalase, the prenously reported 
difference (11) between males and females is confirmed, and the results ob- 
tamed from the males and females are tabulated separately It is clearly 
apparent that the loss of catalase activity is more pronounced m the females 
than m the males In the former the loss exceeds the general protem loss, 
so that the activity m units per gm of hver protem after fastmg is sig- 
mficantly less than m the fed females In the males the loss of catalase 
activity parallels the protem loss wath no sigmficant change m activity per 
gm of hver protem The loss of catalase activity m both sexes is more 
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pronounced vlien it is expressed in terms of units per 100 gra of initial 
body weight 

It IS also notewoithy to compare the catalase activaty after fasting with 
the activity calculated on the assumptions that the enzyme piotem is 
completely spaied and that the enzyme piotem lepiesents an insignificantly 


Tablc I 

Liver Catalase Activity 


1 

1 

! 

No of 
rats 

Units per 
gm liver 

Units per 100 
gm initial body 
weight* 

Units per gm 
liver protein* 

Calcu 
laled.t 
units per 
gm liver 
protein 

Females, fed 

10 

1740 

5 980 ± 1940 

8 730 ± 2900 


“ fasted 

7 

1210 1 

2.540 ± 930 

5,450 ± 1800 

12,540 

Males, fed 

10 

2950 

10,580 ± 2010 

14,580 ± 2140 


“ fasted 

6 

2860 

6,070 ± 2060 

12,620 ± 3500 

22,000 


♦The data are given with calculated standard deviations from the mean 
t Calculation of expected moan activity on the assumptions that none of initial 
enzyme activit}' is lost, and that enzyme protein is an insignificantly small part 
of total protein Calculation based on average liver protein of 668 and 713 mg 
per 100 gm of initial body weight in fed females and males, and 465 and 472 mg per 
100 gm of initial body weight in fasted females and males respectively 


Table II 

Liver Alkaline Phosphatase Activity 



No of 
rats 

Units per 
gm liver 

Units per 100 
gm initial body 

1 weight* 

Units per 
liver protein* 

Calcu 
latcd * 
units per 
gm livit 
protein 

1 

Females, fed 

10 

1 18 

4 10 ± 1 12 

5 92 ± 1 80 1 


“ fasted 

0 

1 29 

2 73 ± 0 57 

5 66 i: 0 81 

8 50 

Males, fed 

10 

1 23 

4 47 ± 0 47 

6 10 ± 0 77 1 


“ tasted 

6 

1 46 

2 54 ± 0 83 

6 44 ± 1 07 

9 21 


* Sec foot-notes to Table I 


small fi action of the total piotem This mdicates that theie has certainly 
been no piefciential conseivation of enzyme piotem 
Table 11 presents a comparison of liver alkaline phosphatase activity m 
7 day-fasted and fed animals The results for both sexes aie separated, 
but the diffeience between the sexes is not significant Here the alkaline 
phosphatase activity is lost at about the same rate as the livei piotem, 
so that the activity m units per gm of liver protein remains relatively 
constant after the 7 day fast The loss in total activity becomes apparent 
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when it IS expressed in units per 100 gm of initial body weight This 
loss becomes amplified when the activity found m umts per gm of hver 
protem is compared i\ith the activity calculated on the assumption that 
the enz 3 Tne protein (and activity) is spared, while the protem in general is 
lost 

Smce much of the hver alkalme phosphatase activity is associated with 
the particulate matter (“large granules” of Claude) of the hver cytoplasm, 
and smce the number of these particles has long been known to decrease 
with fastmg, the fate of the enzynuc components of these particles appears 
to be the same, mz , they are lost to the cell along ivith other proteins, 
phosphohpide, and nbonucleic acid 

Table III shows the stnkmg effect of a 7 day fast on the hver xanthme 
dehydrogenase activity of both male and female rats, the changes bemg 
essentially the same for both sexes Of the enzymes studied, the xanthme 


Table III 

Liver Xanthine Dehydrogenase Activity 



No ot 
rats 

Units per 
gm liver 

Units per 100 
gm initial body 
weight* 

Units ptr gm 
liver protein* 

Calcu 
lated,* 
units pet 
gm liver 
protein 

Females, fed 

11 

2 0 

7 0 ± 2 4 

10 2 ± 3 3 


“ fasted 

Wm 

1 1 

2 3 ± 1 2 

4 7 ± 1 7 

14 7 

Males, fed 

O 

2 4 

8 6 ± 2 5 

12 0 ± 3 0 


“ fasted 

H 

1 1 

2 2 ± 1 1 

4 9 ± 1 6 

18 1 


* See foot-notes to Table I 


dehydrogenase shows the greatest loss m activity, the loss bemg greatly 
amphfied when the observed activity per gm of hver protem is compared 
vath the calculated activity, assummg that the enzjane protein is retamed 
and represents an msigmficant portion of the total protein 

As Figge and Strong have pointed out (8), we have found it essential 
to dialyze the homogenates to eliminate low molecular weight metabohtes, 
which with other hver enzymes may rapidly reduce methylene blue without 
added xanthme The 24 hour dialysis m the refngerator against seveial 
changes of distilled water removes most of the extraneous metabohtes, 
smce the methylene blue m numerous blanks was not completely reduced 
m over 3 hours time, while the addition of xanthme resulted m complete 
reduction of the methylene blue m 20 to 40 imnutes with most of the livers 
from fed animals 

Table IV shows changes m hver cathepsm activity m animals fasted 
7 days compared with fed animals The loss of activity appears to 
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lag behind the piotem loss as manifest by a small but significant increase 
m the activity in units pei gm of hvei piotein Ihis appaient inciease 
lb consideiably less than the activity calculated on the assumptions that 
no enzyme piotem (activity) is lost and that the enzyme piotcm icpioaents 
a veiy small fi action of the total Although it appeals that the aveiage 
hvei cathepsm activity of females is highci than that of males, statistically 
theie is about 1 chance in 4 that they may be the same 

Table IV 


Liver Cathepsm Activity 



No of 
rats 

Units per 
gm liter 

Units per 100 
gm initial bodj 
weight* 

Units per fpi 
liver protein* 

Calcu 
latcd,* 
units pet 
gm liver 
protein 

Females, fed 

1 

21 0 

72 1 ± 2S 6 1 

106 ± 33 9 


“ fasted 

7 

24 7 

48 6 ± 10 5 

110 ± 25 3 

152 

Males, fed 

10 

15 9 

60 2 ± 9 3 

81 4 ± 12 7 


“ fasted 

G 

21 0 

43 2 ± 6 3 

92 0 ± 12 4 

123 


* See foot-notes to Table I 


DISCUSSION 

Befoie the significance of the above data is discussed, it is necessaiy to 
examme the validity of the assumption that enzyme activity as measuied 
is piopoitional to enziune piotem undei the conditions of these expeiiments 
and that any deciease of activitj'- obseived is a lesult of a net loss of enz 3 me 
piotem pc? sc, and not a lesult of a defect m piosthetic gioups, oi of the 
piesence of an mhibitoi, oi loss of an activatoi 

Livei catalase is an non poiphjum piotem complex and its actmty is 
loionn to be leduced by non oi Mn deficiencies (11) ovei lengthj’’ peiiods of 
time, picsumably as a lesult ot failuic of pioduction of the non poiphiTiii 
complex In oui expeiiments the animals aie adults and time is too shoit 
loi a mmeial deficiency, m addition it is laioivn that non poiphyrm produc- 
tion foi the 1 elated pigment hemoglobin can pioceed under conditions of 
maximal stimulus foi hemoglobin pioduction m fasted dogs Xanthine 
dehydiogcnase is a flavopiotem, and it is well lecognized that piolonged 
dietaiy lestiiction of ceitam vitamins of the B complex {eg iiboflavm oi 
thiamine) maj" lesuIt m a marked deciease in the enzyme {t e activitj’’) 
winch contains these iitamins as an integial poition of the piosthetic 
group 01 enzjmie complex Heie again the time elapsed is too shoit foi 
a vitamin deficiencj’-, in fact measuiements of changes in hvei vitamins 
mth 4 daj s pai tial fasting and weight loss leveal an mci eased concentiation 
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of b\er nbofla\Tn (12) It therefore seems more hkely that the loss of 
\anthme dehj’-diogenase activity is referable to the loss of the protem 
moiety of this enzjrme Evidence for a decrease in the protein moiety 
dunng piolonged nboflavm deficiencj'' has been adduced b}'^ Axelrod and 
Elvebjem (13) 

To deterrmne whether the 7 day fast causes the accumulation of inhibi- 
tors or loss of activators of en 2 yme activity, homogenates of noimal liver 
and of hver from fasted rats vere exammed for catalase, xanthine de- 
hydrogenase, and cathepsm activity, smgly, and m smtable admixtures 
The resultmg activity was equal, withm experimental error, to the actmty 
calculated from the contnbution of each component, makmg the presence 
of an inhibitor or loss of an activator unhkel}’' 

If the parallehsm between enzjnne activity and enzyme protem is here 
acceptable, it at once becomes apparent that vital though the enzjmies may 
be regarded their protem is readilj’- lost fiom the cell This loss occuis at 
a rate \ihich vanes with the diffeient enzjnmes, the loss of cathepsm bemg 
somewliat less than the general protem loss, that of catalase and alkahne 
phosphatase loughly paiallehng or exceedmg the protein loss, and that of 
xanthme debj-'drogenase greatly exceedmg the geneial piotein loss 

Smce the activity of all four enzymes, each of fundamentallj’’ different 
functional type, decreases ivith the loss of cell protem, it appears highly 
piobable that the activity of other enzymes, if measured, would be found 
similarlj'' reduced Potter and IQug (14) have reported decreased oc- 
tanoate oxidase and succinic dehydiogenase actmty m homogenates of 
livers of lats mamtamed on diets contammg 83 pei cent fat and 87 pei 
cent carbohydiate, lespectnelj', and onlj’^ 6 to 10 per cent piotem Nei- 
thei food consumption nor weight loss is descnbed It is conceivable that 
the decreased enzj'me actmty was comcident wnth a loss of hver protem, 
including enzjme protems, as a result of protem depletion Tire failiue 
to demonstrate increased (or even normal) activity of these enz 5 ’mes as an 
adaptation to the high fat and caibohj drate content of the diets is pi obabb’^ 
ref ei able to the piotem-deficient diet, and, m the case of the high fat diet, 
to dilution of the liver enzjTne by fat (results expressed m umts per mg of 
wet weight) 

Similaily Lightbody and Kleinman (15) have reported that arginase 
activity of liver homogenates from rats on a 6 pei cent milk protem diet 
IS roughly one-half that of the actmty from rats on a 25 per cent milk 
protem diet, and interpret this difference as an adaptation bj' the hver to 
the incieased need foi uiea formation on the lugh protem diet This 
conclusion was reached in spite of data showing signihcantly lower Inei 
argmase actmty m the hvers of rats on a diet contammg G per cent milk 
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protein and 19 per cent gelatin Because of this, and because of e\’peri 
ments now in piogiess demonstrating decreased liver arginase activity 
in hvers of rats on a diet containing 6 per cent casein and 19 per cent glycine, 
it appears moie likely that aiginase (activity) may be reduced below normal 
along with other hver protein as a result of inadequate protein intake It 
appears that when a diet contains an abnormally large amount of a metabo 
hte the enzyme or enzymes mvolved in its disposal cannot increase m 
amount unless the diet contains protein adequate for the formation of new 
hver protem mcluding these enzymes 
The hterature on expeiimental carcinogenesis contains numerous refer- 
ences to decreased enzyme activities in hvers of animals with or without 
tumors (16) In many instances no reference is made to weight loss or to 
chronic protem depletion which might be anticipated from feeding un- 
palatable diets very low in protem In these instances, reduction of 
enzyme activity and its alleged sigmficance for the origin of, oi relation 
to, the neoplastic changes obseived must be leexammed, since similar 
changes may be found to be the result of simple inanition 
Tlie fact that the decrease m hvei size with inanition is associated with 
a loss of cell cytoplasm and a deciease m the numbei of cytoplasmic gran- 
ules suggests the possibihty that the enzymes found in the cytoplasm 
(c g catalase) oi in the laige granules (e g alkaline phosphatase, succmic 
dehydrogenase, cytochrome oxidase) are also deci eased in amount The 
above data fiimly support this idea and lead to the hypothetical conclusion 
that with uncompensated hver cell piotein catabolism enzyme proteins of 
all types may be lapidly lost Whether this loss is the result of increased 
destruction, reduced formation, or both is not clear If the cytoplasmic 
nucleoprotein (the "plasmagene” of Spiegelman and Karaen (17)) is in- 
volved in the intracellular synthesis of enzymes, and if this nucleoprotein 
is decreased in concentiation oi total amount, then the capacity for enzyme 
sjmthesis may be reduced The conclusion that cell size, the number of 
mitochondiia, cell protein in general, phospholipide, and ribonucleoprotem 
may decrease in loughly paiallel fashion is of great mterest, especially when 
taken together with our obsei vations on the loss of enzyme activity They 
support a concept of intracellular functional units made up of a variety of 
enzjTnes and associated nucleoprotein and lipoprotein Tins concept 
further implies that the loss of any integral portion of the unit is associated 
^^^th the loss of the unit as a whole 
Undoubtedly a measurably great excess of enzyme activity is reflected 
in the great functional leserve of the liver, and the loss of function is clini- 
cally measurable only when enzjune activity falls to very low levels In 
practice this has long been recognized for such functions as urea and fibim- 
ogen formation 
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SUMMARY 

1 A 7 day fast results m a loss of rat bver catalase, alkaline phospha- 
tase, \anthine dehydrogenase, and cathepsin activity, which parallels or 
exceeds the loss of hver protein 

2 This loss of enzyme activity cannot be explained by a loss of pros- 
thetic groups or enzyme activators or by an accumulation of mhibitors, 
and probably represents a loss of enzyme protein per se 

3 These findings bear on the relation of hver enzymes to morphologic 
structures, the metabolism of enzyme proteins durmg hver protein catabolic 
loss, and on the phenomenon of enzyme adaptation m higher mammals 

BIBLIOGRAPHY 

1 Miller, L L,J Biol Chcm , 162, 603 (1944) 

2 Addis, T , Poo, L J , and Lew , W , J Btol Chem , 115, 111, 117 (1936), 116, 343 

(1936) 

3 Kosterlitz, H W ,J Physiol , 106, 194 (1947) 

4 Kaplansky, S , Berezow skaya, N , and Shmerhng, G , Btokhimiya, 10, 401 (1946) 

5 Jolles, A , i/iIncA med IPockscAr , 61, 2083 (1904) 

^ 6 Bodansky, 0 , J Biot Chem , 118, 341 (1937) 

' 7 Fiske, C H , and Subbarow, Y , J Biol Chem , 66, 375 (1925) 

8 Figge, F H J , and Strong, L C , Cancer Res , 1, 779 (1941) 

9 Wicland, H , On the mechanism of oxidation, New Haven, 117 (1932) 

10 Anson, M L , J Gen Physiol , 20, 665 (1937) 

11 Schultze, M 0 , and Kuikcn, K A,J Bwl CAem , 137, 727 (1941) 

12 Flinn, B C , Pilgrim, F J , Gregg, H S , and Axelrod, A E , Proc Soc Exp 

Biol and Med , 63, 523 (1946) 

13 Axelrod,A E ,andLlvehjcm,C A , J Bwl CAcm , 140, 725 (1941) Axelrod, A 

E , Potter, V R , and Elvehjem, C A ,J Bwl Chem , 142 , 85 (1942) 

14 Potter, V R , and King, H L , Arch Biochem , 12, 241 (1947) 

15 Lightbody, H D , and Kleinman, A , J Bwl Chem , 129, 71 (1939) 

16 Greenstein, J P , The biochemistry of cancer. New York, 175-309 (1947) 

17 Spiegelman, S , and Kamen, M D , Science, 104, 581 (1946) 




THE BIOCHEMICAL DETERMINATION OF THIOURACIL IN THE 
MUSCULAR TISSUE OF HOGS RECEIVING SUPPLEMENTARY 
THIOURACIL IN THE DIET 

Bt A L FRANIOilN, J W BOEHNE, 3rd, and THOMAS H JUKES 

{From, the Lcderle Laboratories Division, American Cyanamid Company, 

Pearl River, New York) 

(Received for publication, September 27, 1947) 

Within the past few years the r6Ie of certain substances, goitrogens, 
which depress the normal function of the thyroid gland in the rat and other 
animals has been elucidated Kennedy m 1942 (1), Astwood and 
coworkers (2), and Mackenzie and Mackenzie m 1943 (3) demonstrated 
the effects of goitrogens, specifically certam sulfonamides and a number of 
substances related to thiourea, on the thyroid gland of the rat They 
found that these compounds resulted m hypertrophy and hj^ierplasia of 
the thyroid gland comcident mth a state of hypothyroidism as mdicated 
by decreased food mtake, decreased growth and development, and lowered 
basal metabohc rate Thiouracil was found to be the most active com- 
pound m this respect (4) and to be the least toxic at concentrations ehcitmg 
comparable effects to other goitrogens Investigations by Remeke et al (5) 
on the rate of secretion of thyroxme by the rat demonstrated that mth 
a dminis tration of thyroxme to thiouracil-treated animals the basal meta- 
bohc rate returned to normal 

The rate of thyroxme secretion has been link ed by these and other 
workers mth the regulation of the rate of body growth and fattenmg 
Followmg this assumption Kempster and Turner (6) fed thiouracil at a 
level of 0 2 per cent m the diet to chicks and noted a marked improvement 
m carcass grade after a 36 day penod Andrews and Sctmetzler (7) 
corroborated these findmgs and, m addition, found mcreased fat deposition 
and a somewhat greater efficiency of feed utilization over control animals 
Glazener and JuU (8) noted that 0 2 per cent thiouracil m the ration of 
broilers for 8 weeks depressed the growth rate and feed consumption and 
at the same tune their dressed appearance was rated less desirable than 
that of controls Mixner et al (9) found a reduction of 25 per cent m feed 
consumed per pound of gam by young cockerels fed 0 1 per cent thiouracil 
as compared ivith control animals for a 4 week period 

Work by Remeke and coworkers (10) showed little or no improvement 
m the carcass grade of turkej's fed low levels of thiouracil for 3 to 4 weeks 
It was found, however, that the feedmg efficiency, as mdicated by the 
amount of feed requued per unit of weight gam, was mcreased from 17 to 
33 per cent when thiouracil was added to the ration 
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Experiments have also been reported on the effects of feeding thiouracil 
to steers, sheep, and swme Beeson ct al (11) reported a tendency for 
steers receivmg 2 or 4 gm of thiouracil daily to require less feed per pound 
of gain and to show an increased late of growth A similar study Avas con- 
ducted by Heinemann and coAvoikers ‘ Tavo groups of ten young heifers 
were used The animals received a giain ration togethci with a small 
supplement of hay and one group received thiouracil added to the gram 
ration at a level of 0 2 pei cent After 100 days it Avas found that the rate 
of gam of both groups Avas about the same, but the group receiving thiou 
racil required only 5 44 pounds of gram per pound of gam as compared Avith 
6 32 pounds for the control gi oup The increase m efficiency of food 
utilization Avas 14 per cent HoAA'ever, the control group consumed some 
what more hay than that receivmg thiouracil 

In the case of sheep, AndreAA’’s et al (12) reported no changes m the rate 
of gam or feeding efficiency, but a definite impi OA'^ement m carcass quality 
when 0 17 or 0 33 gm of thiouracil urns ingested daily Muhrer and Hogan 
(13) fed sAA'^me a ration contammg 0 2 per cent of added thiouracil After 
28 days the experimental animals AA^ere shorter and fatter and had gamed 
weight more rapidly and economically than had the controls The average 
daily gam of the treated animals aa'us 1 5 times that of the controls, and the 
increase m feeding efficiency, calculated as pounds of feed consumed per 
100 pounds gamed, AA’^as 36 per cent m the case of the thiouiacii-treated 
animals Van der Noot ctal (14) confiimed the general findmgs of Muhrer 
and Hogan They found that thiouracil-fed hogs made an average daily 
gam of 1 60 pounds, AAffiereas Control hogs gamed 1 23 pounds per day 
They shoAA'^ed further that hogs fed a ration contammg 0 25 per cent tin- 
ouracil consumed 27 5 per cent less feed per 100 pounds of gam m body 
A\ eight than did hogs fed a thiouracil-free ration Similar results in feedmg 
economy and gam m SAA^me have recently been published by Mchlillen el ol 
(15) Chester "WOiite barroAvs fed thiouracil at a 0 1 per cent IcA'^el in the 
ration for 41 days made 0 16 pound less daily gam than the contiols, but 
required 13 8 per cent less feed per unit of gam The only leference to 
carcass grade of thiouracil-fed SAAune in the literature appears m this leport 
of McMillen el al (15) Avho found no significant differences attiibutable to 
thiouracil treatment 

The recent impetus given to mvestigations on the feeding efficiency 
and fattening of farm animals thiough the use of thiouiacil has led to the 
need for a method for the determination of the compound m meat The 
present mvestigation Avas undertaken m an attempt to develop such a 
method 

» ITcinomnnn.W W , Singleton, H P , Kline, E A , Ensminger, M E ,andCunha, 
T J , private communication 
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Seveial methods have been described for the deteiimnation of thiouracd 
in tissue Williams d al (16) used a modification of the procedure of 
Nicholes and Herrm (17) The method is based on the development of a 
blue complev when Grote’s reagent is added to an alkalme protem-free 
filtrate of homogenized tissue This general method, however, has been 
subjected to several modifications, chiefly because of the difficulty m 
obtammg lepioducible results in the use of the reagent (18) Tumei and 
associates- have found that the development of a pmk color upon addition 
of the reagent to the muscular tissue filtiate interfeies m such a way that 
the method becomes unsatisfactorj'' Other workers have confirmed this 
observation and have found consideiable difficulty m the use of Grote’s 
reagent for the deteimmation of thiouracil m muscular tissue ® The 
method, however, gives satisfactory results for the measurement of thiou- 
racd m plasma and urine (18) 

Pipes and Turner (19) employed a biological method for the determma- 
tion of thiouracil m chicken tissue Fresh tissue contammg thiouracil was 
fed to rats for a peiiod of 2 rveeks, at vhich time the thyroids were excised 
and the hypertrophy, as measuied by the thyroid gland weight, nas com- 
pared noth a standard reference curve of gland weights of rats fed increasmg 
amounts of thiouracil added to chicken tissue This method is not readily 
applicable to measurement of the thiouracil content of the tissues of ani- 
mals which have been fed low levels of thiouracil, because the sensitivity 
of the assay is low and only small amounts of thiouracil are found in such 
tissues 

The lecent wnrk of Chaikoff and associates (20, 21) on the effect of 
thiouracil on the uptake of mjected radioiodme by the thyroid gland and 
its conversion to tliyioxme and duodotyrosme is the basis of the method 
described m the piesent investigation In studymg the radioiodine-con- 
centiatmg capacity of the thyroids of rats fed thiouracil, they found that 
a daily feedmg of 4 mg of thiouracil for a w'eek reduced the uptake of 
administered radioiodme by the rat thyroid so that the glands m the 
thiouracil-treated animals accumulated only about one-thud as much radio- 
lodine as those in the control rats A coriesponding depression was also 
found m the conversion of iodide to thyroxme and duodotyrosme as repre- 
sented (22) by oiganically bound iodide Thus, thyioid activit 3 ^ may be 
measured bj’^ the avidity of the gland for lodme or by its ability to sjm- 
tbesize thyroxme and duodotyrosme In the present study the degree of 
inhibition of thyroid activity was found to be a function of the level of 
dietarj'- thiouracil Tins findmg was utilized m the development of a 
m^'liod for the determination of small amounts of thiouracil in tissue 

" Turner, C W , and Pipes, G W , private communication 

* Bochne, J W , personal observation 
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EXPERIMENTAL 

Caie of Hogs and Preparation of Dried Hog Tissue — Six Chester White 
weanling hogs weighing approximately 10 kilos served as experimental 
animals They were kept m small straw-floored pens m a large bam 
Food and water were fed ad libitum The animals were fed a basal ration 
of Cooperative G L F Mills hog feed havmg the folloiving open formula 
wheat standaid middlings, 19 per cent, yellow corn-meal, 46 5 per cent, 
finely ground, low fiber oats, 10 per cent, alfalfa meal, low fiber, 5 per cent, 
41 per cent protem soy bean oil meal, 14 per cent, meat scrap, 55 per cent 
protem, 3 5 per cent, giound limestone, 1 5 per cent, and iodized salt, 05 
per cent 

The animals were divided mto two groups Two hogs were used as con- 
trol animals and received the basal diet throughout the experimental period 
and provided the control hog tissue used m the preparation of the rat diets 
The other four hogs were fed a supplement of 0 2 per cent thiouracil added 
to the same basal diet foi 34 days The thiouracil supplementation was 
then termmated Two animals were sacrificed and the tissues were treated 
as described below The combined dried muscular tissue from these ani- 
mals IS designated as Tissue A m Table I The two remaining hogs were 
placed on the basal ration One was sacrificed 1 day later (Tissue B), and 
the remaming hog was killed after 3 days on the basal ration (Tissue C) 
The animals were bled to death and the muscular tissue was excised. 
Superficial fat was removed as completely as possible No mternal organs 
or visceral tissue was collected The fresh tissue was immediately ground, 
then spread evenly on galvanized metal trays which were placed m a large 
circulating hot air oven at 60° for 24 hours The dried tissue was then 
reground and stored at 4° 

Care and Treatment of Assay Rats — ^Weanlmg female albmo rats of the 
Wistai strain served as experimental animals m the assay They were 
housed in ivire bottom cages and were fed the basal ration with supple- 
ments for 19 days as indicated m Table I and fresh water ad libitum Three 
rats were used in each group The use of chick mash as a diluent effected 
an even distribution of the supplement On the 18th day all animals were 
injected mtraperitoneally with 1 ml of an isotonic salme solution containing 
a tiacer dose of 0 1 miorocurie of radioiodme as The anunals were 
immediately placed by groups m metabolism cages constructed so that the 
urine was collected free of feces over the ensuing 24 hour period 
Determination of Distribution of Radioiodme — ^The rats were sacrificed 24 
hours after the admmistration of the radioactive lodme and the thyroid 
glands were excised The glands were weighed and hydrolyzed by auto- 
claving for 1 hour m 6 ml of 0 2 n NaOH The hydrolysates were made up 
to a volume of 10 ml For the detennmation of the total lodme radio- 
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activity, an aliquot of the hydrolysate was dned m a porcelain dish on a 
hot-plate and the radioactivity was measured Avith a thin mica wmdow 
Geiger-Muller countmg tube The total labeled lodme obtamed from the 
glandular tissue was expressed as a percentage of the administered dose of 
radioiodme (Table II) A second ahquot of the hydrolysates was used for 

Tabie I 


Diels and Average Weight Changes of Rais Used in Assay for Thtouractl 


Group No 

Amount and type of 
dned muscle present per 
100 gm diet* 

Thiouracil 
added to diet 

Feed consumed 

Weight gam 
over 

eicperunental 

period 

Weight at 
end of 

experimental 

period 


jm 

j m[ fer 100 tm 

per day 
per rat 

gm 

gm 

1 

60 (N) 

0 

1 7 

6 

64 

100 

2 

50 " 

0 

7 

6 

47 

89 

3 

60 “ 

0 1 

6 

7 

51 

93 

4 

50 “ 

0 5 

7 

4 

46 

92 

5 

50 ” 

1 0 

6 

4 

43 

89 

6 

50 " 

5 0 

6 

6 

39 

87 

7 

50 “ 

10 

5 

8 

44 

83 

8 

50 “ 

20 

6 

3 

39 

82 

9 ! 

60 “ 

60 

6 

7 

46 

91 

10 

60 " 

100 

6 

6 

41 

81 

11 

60 (A) 

0 I 

6 

8 

48 

97 

12 

40 (N), 10 (A) 

0 i 

6 

3 

35 

81 

13 

50 (B) 

0 

7 

0 

35 

80 

14 

40 (N), 10 (B) 

0 

6 

4 

46 

90 

16 

60 (C) 

0 

6 

6 

47 

91 


* All diets contained 50 gm of chick starter mash (Pratt’s) per 100 gm The types 
of dned muscle were as follows N, from hogs on thiouracil-free control diet, A, from 
hogs killed on day of termination of supplementation of feed with thiouracil , B, from 
hogs killed 1 day after termination of supplementation, C, from hogs killed 3 days 
after termination of supplementation The addition of thiouracil to the diets of 
Groups 1 to 9 was made together with glucose (cerelose) to a total of 100 mg per 
100 gm of diet 

the separation of orgamcaUy bound radioiodme as described by Schachner 
et al (22) 

Urme samples, representing the total unne excretion of each group of 
rats immediately folloivmg the radioiodme injection o\er the last 24 hours 
of the experimental period, were collected and suitable aliquots nere re- 
moved for separation of organically bound radioiodme as well as for the 
determination of total lodme radioactivity The labeled lodme found was 
expressed as a percentage of the admmistered dose of radioiodme (Table 

II) 
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ResulLs 

A numbei of biochemical measuiements weie made dm mg the course of 
the investigation These included (a) gioMi^h and feed consumption, (6) 
mcrease in weight of the thyioid gland, (c) uptake of radioiodme by the 
thyroid gland, (d) bmdmg of ladioiodme m organic combination, and (c) 
uimai’y excietion of ladioiodine The coiiclation of these factors with the 


Table II 

Effect of Dietary Thtouractl on Distribution of Injected Radioiodme in Rats 






Per cent of ndministcrcd 1* recovered 
in Mhole thyroid gland 

Per cent of admin 
istcred I' recovered 
m urine 

Group 

No 

Thiou 

racil 

Weight of thyroid 

As total I* 

As organic I* 



added to 
diet 

glands 

Uptake 

Uptake per 
mg ^land 
weight 
per 100 gm 
body 
weight 

Uptake 

Uptake per 
mg pland 
weight 
per 100 gm 
body 
weight 

As total 

I* 

As or 
game I* 










ms per 
ks 

ms 

ms per 100 
Sm body 
uctghl 




mil 



1 

0 

9 9 

9 8 

12 0 

1 23 

8 9 


57 6 

14 8 

2 

0 

9 9 

11 2 

14 1 

1 26 

9 2 


57 6 

14 8 

3 

1 

9 8 

10 4 

15 0 

1 44 

9 0 

0 87 

58 5 

23 4 

4 

5 

9 8 

10 7 

14 3 

1 34 

6 4 

0 60 

49 7 

16 7 

5 

10 

8 7 

9 8 

11 9 

1 21 

7 3 

0 75 

50 1 

19 7 

6 

50 

10 8 

12 5 

8 4 

0 67 

8 0 

0 64 

44 9 

10 7 

7 

100 

13 0 

15 3 

10 3 

0 68 

6 9 

0 45 

57 6 

11 5 

S 

200 

14 3 

17 5 

3 8 

0 22 

3 3 

0 19 

62 9 

13 4 

9 

500 

20 9 

22 9 

3 6 

0 16 

2 9 

0 13 

39 0 

12 5 

10 

1000 

36 3 

44 8 

6 3 

0 14 

3 0 

0 07 

43 8 

13 0 

11 

t 

11 3 

11 7 

12 0 

1 03 

6 2 

0 53 

58 7 

9 5 

12 

t 

9 1 

11 1 

10 4 

0 94 

6 4 

0 68 

53 6 

25 4 

13 

t 

8 0 

10 1 

8 4 

0 75 

4 6 

0 46 

66 2 

15 9 

14 

t 

8 9 

9 5 

12 7 

1 34 

8 4 

0 88 

56 4 

14 4 

15 

t 

7 3 

8 0 

11 9 

1 49 

8 3 

1 04 

63 4 

13 7 


t Received dried muscle as described in Table I 


thiouracil content of the diets of the experimental lats ivill now be con- 
sideied 

It might be expected that the depiession of thyioid function in rats 
bi ought about by the ingestion of amounts of thiouiacil from 0 up to 100 
mg pci 100 gm of ration would be i effected m changes in aveiage feed 
consumption oi m growth as measured by weight gam ovei the experi- 
mental peiiod The data m Table I indicate that theie iveie no coirela- 
tions of this tj^ie m eithei case 

A second measurement was the mciement of thyioid gland weight wth 
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increasing dosage of thionracil, which was employed by Turner and asso- 
ciates (19) as a method for determmation of thiouracil An increase m 
gland w'eight of shghtly moie than 3-fold w’as found, a sharp rise commg 
with levels of thiouracil greater than 10 mg per 100 gm of diet (Fig 1) 
The gland w^eights were expressed m mg per 100 gm of body weight 
(Table II) and the percentage mcrease m gland weight over the average 
values for Groups 1 and 2 w as plotted against the values for dietary thi- 
ouracil in Fig 1 This measurement was msufficiently sensitive for the 
detection of the low levels of thiouracil present m the tissue of the hogs used 
m this mvestigation 



Fio 1 Effect of dietary thiouracil on the per cent change of thyroid weight 


The functional capacity of the thyioid was determined by measuimg 
the abihty of the gland to collect a tiacei dose of radioiodme and to convert 
it to duodotyrosme and thyroxme as showm (22) by determmmg the orgam- 
cally bound radioiodme m the glandular hydiolysate It was found neces- 
sary to subject the data to special treatment, for, while thiouracil depresses 
thyroid activity, the gland is simultaneously enlarged and its abihty to 
take up lodme is not completely blocked Accordmgly the computations 
show'ed an actual mcrease m the per cent of the admmistered dose of radio- 
lodine accumulated in Gioup 10 (0 1 per cent thiouracil m the diet) as 
compared wath Group 9 (0 05 pei cent thiouracil m the diet) If, however, 
the calculations were made on the basis of uptake of radioiodme per mg of 
gland w'eight per 100 gm of body weight, plotted against the level of 
thiouracil m the diet, a more satisfactory^ response curve wns obtained 
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Fig 2 Efiect of dietary thiouracil on percentage uptake of radioiodine by the rat 
thyroid The values for the ordinate are expressed as per cent of the administered 
dose of radioiodine which is taken up by the gland per mg of gland weight per 100 
gm of body weight 


a 



Fig 3 Effect of dietary thiouracil on formation of orgamcally bound radioiodine 
by the rat thyroid The values for the ordinate are expressed as the per cent of the 
administered dose of radioiodine which is organically bound per mg of gland weight 
per 100 gm of body weight 

The curves in Figs 2 and 3 illustrate, respectively, the course of depression 
of radioiodine uptake and of formation of orgamcally bound radioiodine, 
wuth increasmg dietary thiouracil 
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The last measurement made was the urmary excretion of radioiodme 
It was shoim (23) that when radioiodme was admmistered to rats an 
average of 50 per cent of the dose was found in the urme at the end of 24 
hours Smce the mgestion of thiouracil is known to mterfere mth the 
conversion of lodme to th3TOxme and duodotyrosme by the rat thyroid (21), 
feedmg mcreasing amounts of thiouracil might be accompamed by the 
excretion of mcreasmg amounts of radioiodme m the urme No correlation 


Table III 

Thiouracil Content of Hog Tiaaites as Calculated from Total Radioiodme 
Uptake and Organic Radioiodme Formation in Rats Fed Tissues 



Tissue A 

Tissue B 

Tissue C 


j Goup 11 

Group 12 

Group 13 

Group 14 

Group 15 










Total 











!• 

bjIII 

Uptake of I* per mg 

1 03 

0 53 

0 94 

0 68 

0 75 

0 46 

1 34 

0 88 

1 49 

1 04 

thyroid gland weight 
per 100 gm body 
weight, % 











Thiouracil conoentra- 


7 8 

2 9 

2 9 

4 8 

9 7 

0 53 

<0 2 

<0 1 

<0 1 

tion in rat diet from 
Figs 2 and 3, mg % 

■ 










Thiouracil concentra- 

B 

5 

8 

9 

3 

5 

2 

<0 5 

<0 05 

<0 05 

tion in fresh hog tis- 
sue,! mg % 

■ 








i 

1 

t. 


Average thiouracil con- 


6 ± 3 



2± 1 


<0 05 

centration in fresh 
hog tissue, mg % 












t The fresh tissues contained the following amounts of water Tissue A, 71 6 per 
cent, Tissue B, 74 4 per cent, Tissue C, 74 5 per cent 


was found, however, bettveen dietary mtake of thiouracil and urmary ex- 
cretion of either total or orgamcally bound radioiodme 
The three measurements which were finally utihzed m the bioassay of 
thiouracil were (a) thyroid size, (6) decreased uptake of radioiodme, and 
(c) decreased formation of organic radioiodme by the thyroid Table III 
shows the method of calculating the thiouracil content of fresh tissues of 
hogs which received thiouracil The calculations are based on the le\els 
of dned tissues fed m the diet and on the water content of the tissues The 
final value for the thiouracil concentration m fresh hog tissue was denved 
from the data on two groups of animals m the case of Tissues A and B, from 
one group for Tissue C, and from both the total radioiodme uptake and 
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synthesis of oiganically hound ladioiodmc in each gioup The final results 
aie given as the aveiage values, with the mean deviation 

DISCUSSION 

The assay method used in the piesent study is not specific foi thiouiacil, 
but by it the total amount of goitiogenic mateiial m the tissue can be 
measuied in teims ot thiouiaciI Tims, any biologically active conjugated 
deiivatives oi bieakdoini pioducts of thiouiacil uould be included in the 
lesults obtained The use of a specific chemical method such as one based 
on the use of Giote’s leagent could possibly give lesults of incomplete 
biological significance because of this consider ation 

The lesults obtained fiom the measuiement of the amount of ladioactive 
iodine taken up by the thyioid oi the pei cent of the admmisteied dose 
found m the gland as oigamcallj bound ladioactive iodine indicate that this 
measuiement provides a highly sensitive method foi the deteimmation of 
the thiouiacil level of tissues fed to lals Howevei, the mean deviations 
of the values foi a single tissue measuied with different levels of diied tissue 
and by diffeient functions (total oi oiganically bound ladioiodme) indicate 
that the piecision of the method is low 

The woik of Cbaikoff and Ins associates (23) mdicates that the pel cent 
of an administered dose of radioactive iodine accumulated by the th}Toid 
is a function of the amount of total inoigaiiic iodine piesent in the animal 
111 the piesent study the dietary iodine intake of the pigs in the pielmunary 
thiouiacil feeding period and the lats in the subsequent assay period uas 
not lestiictcd Tins may account foi the louei percentage uptake of 
radioactive iodine found in the piesent investigation than in the studies by 
Chaikoff (23) 

The suggestion has been made that the thiouiacil level of tissue might be 
evaluated by measuring the growth letaidation, at least in the toxic range, 
of lats fed the tissue ^ The results m Table I indicate that this is not a 
veiy satisfactoiy procedure 

There is considerable evidence foi a rapid deciease of thiouiacil m the 
bodi folloMing its oral admmistiation, presumed to result either from 
bieakdoMii oi its excretion in the uiiiie After the ingestion of a single 
dose of 1 0 gm of thiouiacil, Paschkis and covoikeis (24) found that the 
conccntialion in human serum reached a maximum at 2 hours and fell to 
a loll level in 24 hours For the same dose they also observed up to 65 per 
cent cxcietod in the urine in the fust 24 houis and an additional 10 to 15 
pci lent during the second 24 hours Determinations of thiouiacil in the 
blood of fouls fed up to 0 6 per cent thiouiacil, made b}'^ Pipes and Tuinci 
(19), indicated that the highest concent lations of thiouiacil in the blood 

* IClmc, E A , personal communication 
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were reached soon after feeding After the feed was withdrawn, thiouracil 
concentrations were found to decline, until no trace was detected after 16 
to 20 hours Astwood (25) has recently reported on the duration of action 
of thiouracil in man A dose of 500 mg of thiouracil was effective for 
about 24 hours and the effect of a small dose disappeared m a few hours 
Furthermore, when rats were fed 4 rag of thiouracil daily for 7 days, the 
thyroid was strongly depressed, but ivhen the thiouracd admmistiation was 
discontmued the gland returned to its normal condition withm 2 weeks (21) 
The results of this investigation mdicate that wtbdiawal of thiouracil 
from the pig ration several days before an animal is sacnficed will reduce 
the thiouracil level of the tissue to a value of less than 0 05 mg per 100 gm 
In view of these considerations it does not seem probable that any deleten- 
ous effects could be caused m man by the mgestion of meat from thiouracil- 
treated swme if the material is ivithdrawn from the feed of the animal sev- 
eral days before it is sacnficed Similar experimental work is m progress 
with poultry 


SUMMASy 

A biological method is descnbed for the determmation of thiouracil m 
tissue The procedure is based on the depression of thyroid function by 
thiouracil as measured by radioactive iodine when admmistered to rats 
which have been fed with the tissues to be assayed 

A standard response curve was obtained by addmg various levels of 
thiouracil to the diet of rats and then determmmg the distribution of a 
tracer dose of radioactive lodme m these animals When the dried muscu- 
lar tissue from pigs fed 0 2 per cent thiouracil for 34 days was fed to lats, the 
degree of depression of thyioid function mdicated a tluouracil level of 6 =t 3 
mg per cent m the fresh tissue The i\ ithdrawal of the thiouracil supple- 
ment from the ration of the pigs for 1 and 3 days reduced the thiouracil 
level m the muscular tissue to 2 ± 1 and less than 0 05 mg per cent, re- 
spectively 

We wish to acknowledge the assistance of Miss Dorothy B Lewis and 
Mr V Stryeski 
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ISOLATION AND IDENTIFICATION OF HYDROLECITHIN 
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Hydrolecitiim (dipalmityl lecithin) has recently been isolated by Thann- 
hauser, Benotti, and Boncoddo from, beef lung (1) The separation of this 
ether-insoluble phosphohpide from sphingomyelm was achieved by a 
sequence of fractional extractions under control of an analytical method 
which IS based on the observation that sphingomyelm is resistant to n 
sodium or potassium hydroxide at 37° m contrast to hydrolecithm which 
is saponified under these conditions (2) Fmally, an ether-insoluble sub- 
stance was obtained which was completely saponifiable by N sodium hy- 
droxide at 37° and identified as dipalmityl lecithin 

The present paper deals ivith the apphcation of this procedure to the 
lipides of brain and spleen It will be demonstrated that hydrolecithm is 
present not only in the sphingomyelm fraction of lung, but also m bram 
and spleen, and that the hydrolecithm isolated from bram and spleen is 
identical with dipalmityl lecithm The presence of large amounts of cere- 
brosides m bram necessitated the modification of the preparative procedure 
applied for the isolation of hydrolecithm from lung 

Preparalion of Hydrolecithm from Brain 

Batches not exceeding 25 pounds of beef bram were used for each smgle 
preparation, smce the abundance of cholesterol and cerebrosides m this 
organ caused great practical difficulties w'hich are not encountered m other 
matenal such as lung and spleen These difficulties mcrease when the 
isolation IS undertaken on a larger scale 

The fresh beef brains are minced, washed twice ivith acetone, filtered, 
and dried m a vacuum dryer at 60° The matenal is then ground to a 
powder and extracted w’lth hot acetone for 3 days m a large contmuous 
extractor (3) m order to remove the bulk of the fat, cholesterol, and a part 
of the cerebrosides and monoammophosphatides The acetone extract is 
discarded despite the fact that it contams small amounts of hydrolecithm 
and sphingomyehn The powder is contmuously extracted with ether for 
3 days The crude ether extract is placed m the refngerator and filtered 

* This study was aided by grants from the Rockefeller Foundation, the Godfrey 
H Hyams Trust Fund, the Bingham Associates Fund, and the Charlton Fund 
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on the next day with the aid of Ilyflo hllei aid (Johns-ManviUe) The 
filteied hpidc mixTiue is leexti acted witli ethei in a Soxhlet extractor foi 
seveial daj’^s in oidei to complete tlie lemoval of the imsatuiated mono- 
aminophosphatides, cliolesteiol, fat, and small amounts of ceiamides 

The lesiduc (143 gm ) in the thimble is then taken up in about 1000 cc 
of peti oleum cthei -methanol (9 1) The emulsion foimed due to the pres- 
ence of the Filtei-Cel and cciebiosides is bioken up by the addition of 
1000 cc of methanol Aftei standing ovei night the piecipitate, which 
consists essentially of ceiebiosidcs and Filtei-Ccl, is filtcied off The 
filtiate IS concentiated to a small \olumc of a thin fa 3 nupy consistency and 
precipitated with a laige excess oi acetone (1 to 2 hteis) The suspension 
IS placed in the letiigeiatoi overnight The piecipitate (52 gm ) consists 
mainly of sphingomj’elm, hydiolecithin, and still appieciable amounts of 
ceiebiosides This hpide mixtuie contains 2 1 pei cent P of uhich 37 pei 
cent IS saponifiable P (Saponifiable P lepicscnts satuiatcd monoamino- 
phosphatides (4) ) 

The mateiial is tieated with 10 volumes of glacial acetic acid (520 cc 
for 52 gm ), which extiacts the bulk of the phosphatides On slight waimmg 
the maioi poition of the piecipitate dissolves Tlie suspension is allowed 
to stand overnight at loom tempeiatuie and is then filtcied The insoluble 
lesidue is exti acted again with 10 volumes of acetic acid in oidei to extinct 
the letained phosphatides The glacial acetic acid filtiates aie pooled 
and concentiated to a veiy small Amluine (viscous consistency) and pie- 
cipitated with an excess of acetone (1000 to 2000 cc ) The suspension is 
allowed to stand overnight m the lefiigeiatoi and is then filtcied The 
piecipitate (Substance A, 33 gm ) contains essentiallj'' sphingom 3 ’’elin, 
small amounts of hydiolecithin and ceiebiosides, and tiaces of amino acids 

The filtiate is concentiated to dijmess undei i educed piessuie and diied 
ovei sodium hydi oxide in an evacuated desiccatoi in oidei to lemove the 
acetic acid as completely as possible The lesidual substance is then sus- 
pended in an excess of acetone and is left overnight m the lefiigeiatoi 
The piecipitate is filteied (3 5 gm ) The analj’-sis of this substance slious 
that 90 pel cent of its total P is saponifiable P (hjaholecithin) This 
substance is leciystallized fiom a mixtiue of acetone-glacial acetic acid 
(40 1) (1 gm of substance in 20 cc of solution) The amount of hydiolec- 
ithm piesent m the ethei -insoluble pbosphohpide fi action is appioximately 
25 pel cent ot its sphingomyelin content Yield of hj’-diolecithm, 4 gm 
from 25 pounds of fiesh beef biains 

Physical Propeities of Hijdrolecilhtn fwm Biain — The substance is a 
white ciystallino povdei soluble in alcohol and glacial acetic acid, veiy 
slightly soluble m acetone, and insoluble in ethei The substance melts 
between 238-240° (The mixed melting point with hydiolecithin fiom 
lung gave no depiession ) The iodine numbei is 5 65 
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Analysts — Calculated, N 1 86, P 4 1, found, N 1 81, P 4 15 

The specific rotation was +6 25° (4 pei cent solution of hydrolecithin in a 
mixture of chlorofoim-methanol, 1 1) 

Products of Alkaline Hydrolysis of Hydrolecilliin " Barium Salts of Fatty 
Acids — 2 5 gm of the substance iiere lefluxed foi 4 houis with saturated 
aqueous Ba(OH)2 After cooling, the barium soaps weie filteied and 
shaken mth H 2 O to remove soluble impurities After filteimg and drying, 
the crude barium salt of the fattj. acid weighed 2 07 gm 
Identification of Fatly Acid by Vacuum Disiillalion of Methyl Estei — 2 
gm of barium soaps were refluxed in a 5 per cent methanohe solution of 
H2SO4 foi 4 hours on a water bath The BaS 04 foimed was removed by 
filtration, and the methyl esters weie extracted from the acid methanohe 
solution Mith petroleum ether The dry weight was 1 25 gm 
The methyl esters were distilled at a pressure of 0 0015 to 0 002 mm , 
the substance distilling at a faiilj' constant temperature (94-96°), mdi- 
cating the presence of only one methyl ester The free acid was recrystal- 
lized at — 15° to a constant melting point, 61° (palmitic acid, 62°) , iodine 
number 0, mol wt 257 (palmitic acid, 256) 

Choline — Choline, total P, and glycerophosphate were determined in 
the filtrate (150 cc ) of the alkaline hydrolysis Choline was detennined 
by the leineckate method in 1 cc of the filtrate Found, 345 mg of cho- 
line, calculated for 2 5 gm of dipalmitolecithin, 403 mg A 1 cc aliquot 
i\as analyzed for total P, found, 88 65 mg of total P, calculated for 2 5 
gm of dipalmitolecithin, 103 0 mg Both findmgs represent an 86 per cent 
recovery 

Banum Glycei ophosphatc — The remainder of the filtrate (145 cc ) was 
used for the isolation of glycerophosphate After neutralization mth 
acetic acid, basic lead acetate was added in slight excess The precipitate 
was filtered and carefully washed wth water The lead salt was decom- 
posed with hydrogen sulfide The filtrate from the lead sulfide was con- 
centrated to a small volume A hot satui ated solution of bar mm hydroxide 

was added until pH 9 uas obtained The barium salt was precipitated 
by the addition of 3 volumes of alcohol 
The barium salt was analyzed for glycerol (method of Bhx) and for P 
(method of Fiske and Subbarow) 

CjHsOtPBa Calculated Glycerol 30, P 10 

Found “ 2S S, “ 9 71 

The physical properties of the substance as well as the analysis of the split- 
products obtained by its alkahne hj’drolysis show that hydrolecithm (di- 
palmityl lecithin) from brain is identical ivith dipalmityl lecithin isolated 
from lung 
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HYDROLECITHIN FROM BRAIN AND SPLEEN 


Isolation of HydroUcithin from Spleen 

The method employed foi the isolation of hydrolecithm from the ether- 
insoluble phosphatide mixture is essentially the same as previously re- 
poited for its isolation fiom lung (1) 

Physical Propci lies of Hydrolecithm — Hydrolecithm isolated from spleen 
is a wlute crystalline substance soluble in alcohol and glacial acetic acid, 
very slightly soluble in acetone, and insoluble in ether The substance 
melts between 238-240° A mixed melting point ivith hydrolecithm ob- 
tained from lung and brain showed no depression of the melting point, 
iodine number 3 81 

Analysis — Calculated, N 1 86, P 4 1, found, N 1 91, P 3 98 

Specific rotation, -|-6 25° (4 per cent solution of hydrcdecithin in a mixiure 
of chlorofoim-methanol, 11) 

The amount of hydrolecithm present m spleen is approximately 25 to 
40 pel cent of its sphingomyelin content Hydrolecithms (dipalmityl 
lecithin) isolated from spleen, brain, and lung are identical in their physical 
properties 


DISCUSSION 

In the paper on hydrolecithm from lung it has already been pointed out 
that this substance (dipalmityl lecithin) is not identical with hydrolecithm 
prepaied by hydrogenation with colloidal palladium from unsaturated 
lecithins of egg yolk (4-6) and of brain (7) It is also not identical wth 
the synthetic distearyl lecithin of Grun and Lunpacher (8, 9) It seems 
to be identical with the hydrolecithm isolated by Lesuk and Anderson (10) 
from Cysticercns larvae 

The same statements are pertinent for hydrolecithm (dipalmityl lecithin) 
from brain and spleen described in this paper, since hydrolecithm from 
these organs is identical with hydrolecithm from lung 

The identity of the hydrolecithms isolated from different organs (brain, 
spleen, lung) contrasts Avith the non-identity of the sphingomyelins isolated 
from these organs, since the fatty acids of brain sphingomyelin are very 
different from those of lung and spleen sphingomyehn 

SUMMARY 

A method of isolation of ciystalline hydrolecithm from beef brain is 
described 

The isolated saturated lecithin is dipalmityl lecithm and is identical 
•mth lung hydrolecithm 

Hydrolecithm was also isolated from spleen according to the procedure 
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applied for its isolation from lung It is identical ■with dipalmityl lecithm 
prepared from bram and lung 

The yield of hydrolecithm in bram is approximately 4 gm from 25 
pounds of fresh beef bram, corresponding to 25 to 40 per cent of the sphm- 
gomyehn yield 
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THE CHEMICAL NATURE OF THE FATTY ACIDS OF BRAIN 

AND SPLEEN SPHINGOMYELIN THE OCCURRENCE OF 
SATURATED AND UNSATURATED SPHINGOSINES 
IN THE SPHINGOMYELIN MOLECULE* 

Br S J THANNHAUSER and NICHOLAS F BONCODDO 

(From the Research Laboratories of the Boston Dispensary, the J oseph H Pratt 
Diagnostic Hospital, and Tufts College Medical School, Boston) 

(Received for publication, October 6, 1947) 

Sphingomyelin prepared ivith the older methods from bram and spleen 
yielded on acid hydrolysis pahmtic, steanc, and hgnocenc acids (1, 2) 
Merz found that m addition to these saturated acids nervomc acid is pres- 
ent m the sphingomyehn of bram (3) 

The presence of palmitic acid in the sphmgomyehn molecule of bram 
seemed questionable, smee it was shown that sphmgomyehn prepared by 
the usual method is a mixture of hydrolecithm (dipalmityl lecithm) and 
sphmgomyehn 

It is the purpose of this paper to desenbe a procedure for the preparation 
of sphmgomyehn free of hydrolecithm from bram and spleen, and to rem- 
vestigate its component fatty acids In pure sphingomyelin of brain, 
steanc acid, hgnocenc acid, and its imsaturated compound, nervomc acid, 
are present No palmitic acid was found Steanc acid and nervomc acid 
are present m larger quantities than is hgnocenc acid 

Sphmgomyehn free of hydrolecithm was prepared fiom spleen according 
to the method previously desenbed for the isolation of pure sphmgomyehn 
from lung (4) The fatty acids present in the sphingomyehn of spleen are 
the same as those found m sphmgomyehn of lung, namely, pahmtic acid 
and lignoceric acid in about equal amounts 

Carter and con orkers (5, 6) have shonm that sphmgosme present m the 
ceiebroside molecule is partly saturated (hydrosphmgosme) and partly 
unsatuiated sphmgosme The findings of Carter prompted us to isolate 
sphmgosme after acid hydrolysis of sphingomyehn and to mvestigate 
whethei oi not saturated sphmgosine is, as m cerebrosides, also a constituent 
of the sphmgomyehn molecule 

Crystallme sphmgosme sulfate nas isolated from pure sphmgomyehn of 
biam and spleen In both types of sphmgomj^ehns the isolated sphmgosme 
sulfates had iodine numbers which were much loner than that calculated 
for unsaturated sphmgosme sulfate It seems therefore justified to assume 

* This study was aided by grants from the Rockefeller Foundation, the Godfrey 
H Hyams Trust Fund, the Bingham Associates Fund, and the Charlton Fund 
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FATTY ACIDS OF SPHINGOMYELIN 


that the splungosine groups not only of the cerebrosides but also of the 
sphingomyehns are mixtures of hydiosphmgosine and splungosine 

EXPERIMENTAL 

Preparahon of Sphingomyelin from Brain by Alkaline Saponificahon 

Two batches of ciude splungomyelm from brain (16 gm each) obtained 
from the ether-insoluble lipide fraction by fractionation with glacial acetic 
acid-acetone imxture, described in the preceding paper as Substance A (7), 
were separately suspended m a small amount of water and ground to a 
paste To each, 320 cc of 0 25 n sodium hydi oxide were added These 
suspensions weie shaken at 37° for 4 to 5 days After acidification with 
glacial acetic acid they weie both placed in the refrigerator and left there 
overmght 

Despite the acidification, the insoluble sphmgohpides were present par- 
tially in the form of an emulsion which could not be filtered In order to 
obtain a filtrable precipitate it was necessary to add an equal volume of 
acetone This suspension was filtered over a thin layer of Hyflo filter aid 

The precipitates of the two batches were washed with acetone, pooled, 
and extracted ivith ether m a Soxhlet apparatus for 2 to 3 days for the 
purpose of removing the fatty acids The contents of the thimble were 
taken up m petroleum ether-methanol (9 1) and filtered The filtrate was 
concentrated to a very small volume and the phosphatide was precipitated 
almost quantitatively with an excess of acetone The dried precipitate 
(25 5 gm ) was dialyzed against rumung water for 24 hours for the purpose 
of removing morganic material The filtration of the dialyzed suspension 
was difficult m spite of the Hyflo filter aid It was expedited upon addition 
of an equal volume of acetone and acidification of the suspension with dilute 
HCl The dried precipitate containmg traces of cerebrosides was taken up 
in petroleum ether-methanol (9 1 ) and run through a column of AI 2 O 3 for the 
selective adsorption of cerebrosides ( 8 ) The sphmgomyehn was recovered 
from the concentrated solution by precipitation with acetone (16 gm ) It 
was recrystalhzed from 800 cc of hot ethyl acetate to which 8 cc. of 
methanol were added The following results were obtained upon analysis 
of this substance, which is free of hydrolecithm 3 28 per cent N, 3 76 per 
cent P (N P ratio 2 1 ) 

Properties of Sphingomyelin from Brain — ^Brain sphmgomyehn is a white 
crystalhne substance easily soluble m benzene, soluble in warm alcohol 
and hot ethyl acetate It is msoluble m ether and acetone The substance 
discolors at 190-195° and melts between 212-213° [a]^ = -fO 25° (4 per 

cent solution of sphingomyelin m a mixture of chlorofom-methanol, 1 . 1 ), 
lodme number, 42 5 

Products of Acid Hydrolysis of Sphingomyelin from Brain Fatly Acids — • 
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Two portions, each 6 gm , of sphingomyelin (hydrolecithm-free) were 
refluxed m separate flasks each contaming 200 cc of a solution of 10 per 
cent sulfuric acid m methanol After cooling, the methyl esters were 
extracted several times with petroleum ether The petroleum ether frac- 
tions from both flasks were pooled, washed once with water, and' concen- 
trated to dryness Weight of the methyl esters, 5 2 gm The methyl 
esters were taken up in 10 volumes of absolute alcohol (52 cc for 5 2 gm ) 
and allowed to stand at room temperature for 3 hours The resulting pre- 
cipitate, Fraction I, was filtered and dned, weight 0 65 gm 
The mother hquor was left m the refrigerator overnight The pre- 
cipitate, Fraction II, was filtered and dned, weight 1 4 gm The final 

mother hquor was concentrated to a very small volume of an oil A small 
amount of white solid matenal which settled out from the oil while drymg 
in the desiccator was separated The oil. Fraction III, weighed 2 55 gm 
The white matenal. Fraction IIIA, weighed 0 25 gm The lodme numbers 
of the three mam fractions were 8 1 (Fraction I), 9 05 (Fraction II), 45 5 
(Fraction III) These figures mdicate the presence of an unsaturated fatty 
acid, most of which appears in Fraction III 

Mam Fraction I yielded two fractions. Fraction LA (solid) distilhng from 
91 5-106° at 0 001 mm pressure, and Fraction IB (semisohd) distilhng 
from 90-96° at 0 001 mm pressure Fraction lA was converted to the 
free acid after sapomfication with 1 cc of n aqueous sodium hydroxide m 
15 cc of methanol The acid was reciystalhzed several times from petro- 
leum ether at room temperature, m p 80°, mol wt by titration, with 0 1 
N sodium ethylate, 372, lodme number 2 56 These figures are m close 
agreement ivith the properties of hgnocenc acid (m p 82°, mol wt 368) 
Fraction IB was converted to the free acid and found to contam some hg- 
nocenc acid, which was not further punfied 

Main Fraction II yielded two fractions. Fraction IIA (sohd) distiUmg 
from 70-87° at 0 001 mm pressure, and Fraction IIB (semisohd) distilhng 
from 69-97° at 0 0075 mm pressure Fraction IIA was converted to the 
free acid as descnbed above and reciystalhzed several times from a small 
volume of petroleum ether at room temperature, mp 69°, mol wt by 
titration, 282, lodme number 2 61 These results indicate that the fatty 
acid IS stearic acid (m p 69°, mol wt 284) Fraction IIB, a small part of 
the main fraction, was a mixture of hgnocenc and steanc acids 
Main Fraction III was converted directly to the fatty acids by sapomfica- 
tion with 0 1 N alcoholic sodium hydroxide* and acidification with dilute 
hydrochlonc acid The fatty acids were taken up in 40 cc of petroleum 

* In the saponification of nervonic acid alcoholic sodium hydroxide is used rather 
than aqueous sodium hydroxide because the nervomc acid is not completely saponi- 
fied in an aqueous solution 
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ethei and placed in an insulated coniainei winch was kept at —10'* by 
means of dry ice Aftei 30 minutes the satuiatcd acids had settled 
The unsaturated acid in the filtiate was lemethylated and distilled at a 
pressuie of 0 001 mm Two fiactions weie obtained, Fiactions IIIA and 
IIIB 

Fiaction IIIB i\as conveited to the liee acid as descnbed above and le- 
crystalhzed fiom 5 cc of peti oleum ethei at —10°, mp 41 5°, mol wt , 
by titiation with 0 1 n sodium ethylate, 367, iodine numbei 66 Neivonic 
acid, mp 41 5, mol wt 366, iodine numbei 69 
Fiaction IIIA contained small amounts of steal ic acid and neivonic 
acid 

The neivomc acid from Fiaction IIIB was lij'^diogenated foi 4 houis with 
palladium chaicoal as a catalyst The hydiogenated substance melted at 
815° Lignoceiic acid, m p 82° This melting point substantiates the 
fact that the unsatuiated acid is neivonic acid which was conveited by 
hydiogenation to hgnoceiic acid 

In anothei experiment Adams’ PtO® (obtained fiom the Ameiican 
Platmum Woiks, Newmik, New Jersey) ivas used as a catalyst in the hy- 
drogenation of neivonic acid but did not piove to be so satisfactoiy as 
the palladium chaicoal 

The fiactionation of the fatty acids fiom biam yielded hgnoceiic, stearic, 
and neiwonic acids m the appioximate piopoitions of 1 2 2 
Isolation of Sphingosine Sulfate (Sphingosine-Hyd) osphingosine Mixtuic) 
^Aftei the lemoval of the fatty acid esteis, the acid hydiol 3 '’sate of the 
spingomyehn was neutiahzed with 4 n alcohohe KOH The potassium 
sulfate was filteied off and the filtiate was made just acid to litmus with 
glacial acetic acid The solution wms made sti ongly alkaline wath potas- 
sium hydi oxide and the sphingosine was exti acted wuth ethei The 
ethei extract Avas wmshed wath wmtei and diied ovei Na 2 S 04 
The iodine numbei of tlus ciude base wms 41 5 It was leciystalhzed 
fiom peti oleum ethei at loom temperatuie The insoluble Fiaction A 
Avas filteied and the mothei liquoi wms left in the lefiigeiatoi overnight 
The piecipitate (Fiaction B) Avas filteied The iodine numbeis of Fiactions 
A and B Aveie 46 and 19 4 lespectively 
0 85 gm of Fiaction A Avas conveited to the sulfate (Aimight 0 94 gm ) 
It Avas leciystalhzed fiom 25 cc of hot absolute alcohol and allowed to 
stand at loom tempeiature The piecipitate (0 6 gm ) had an iodine 
numbei of 46 (The theoretical iodine numbeis aie 72 9 foi sphingosine 
sulfate, 0 for dihydi osphmgosine sulfate ) 

(CisHjtNOi); H:S 04 and (CisHioNOj); H 5 S 04 Calculated, N 4 02 

Found, “ 3 82 

After lepeated fractionations of the sphingosine sulfate-dihydiosphingo- 
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Sine sulfate mixture from absolute alcohol, we finally obtamed a sphmgo- 
sine sulfate preparation which had an lodme number of 60 
Preparalton of Dthydrosphtngosine Sulfate — 50 mg of recrystalhzed Frac- 
tion A (lodme number 60) were dissolved m 50 cc of glacial acetic acid 
and hydrogenated for 4 hours mth PtO* as a catalyst The lodme number 
of the hydrogenated product was 4 9 Fraction B of the crystalhzed 
sphingosme sulfate (iodine number 19 4) was also hydrogenated under the 
same conditions and yielded a substance with an lodme number of 4 4 
We 11 ere unable to make the derivatives of sphmgosme and dihydrosphm- 
gosme descnbed by Carter and his associates (6) because of the lack of 
sufiicient matenal However, the isolation of the two fractions of sphmgo- 
sme sulfate with respective lodme numbers of 60 and 19 4 and the conver- 
sion of both to hydrosphmgosme sulfate bj’’ hydrogenation justify the 
assumption that sphingosme sulfate obtamed after hydrolysis of sphmgo- 
myehn is a mixture of sphmgosme sulfate and dihydrosphmgosme sulfate 

Preparation of Pure Sphingomyelin from Beef Spleen 

The method employed for the isolation of hydrolecithm and the prepara- 
tion of pure sphingomyehn from the ether-insoluble phosphatide nuxture 
from spleen is essentially the same as that previously reported for lung 
(4, 9) The yield of sphingomyehn from 50 pounds of spleen was 6 5 gm 
The analysis of the reciystalhzed substance gave the following lesults 
3 18 pel cent N, 3 77 per cent P (N P ratio 2 1) 

Propel lies of Sphingomyehn from Spleen — Spleen sphmgomyehn is a 
white crystalhne substance soluble in benzene, warm alcohol, and hot 
ethyl acetate, msoluble in ether and acetone It can be easily recrystal- 
lized from a large volume of hot ethyl acetate to u hich a fen cc of methanol 
have been added, m p = 217°, [«]“ = -f-G 25° (4 per cent solution of sphm- 
gomyehn m a mixture of chlorofoim-methanol, 1 1), lodme number 33 5 
Pally Acids of Pure Sphingomyehn Prepared from Spleen — 4 3 gm of 
sphmgomj’^ehn obtamed by the procedure as descnbed for lung (4) nere 
refluxed for 4 hours with 143 cc of 10 per cent sulfunc acid in methanol 
After coohng, the methyl esters nere e\-tracted with three portions of 
petroleum ether The pooled extracts were concentrated to drjmess The 
methyl esters weighed 1 7 gm 

On redistillation of the methjl esters a hqmd fraction and a solid frac- 
tion were obtamed The hqmd fraction distilled from 85-96 5° at a pres- 
sure of 0 001 mm , while the solid fraction distilled from 90-109 6° at a 
piessuie of 0 0025 mm 

The liquid fraction was converted to the free acid by sapomfication wnth 
1 cc of aqueous sodium hydroxide m 15 cc of methanol The acid was 
rccrjstallized from petroleum ether several times at 0°, m p 61°, mol wt , 
by titration with 0 1 x sodium ethylate, 264, lodme number 0 Palmitic 
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acid, m p 62°, mol wt 256 It is evident that the fatty acid is palmitic 
acid 

The solid fi action was con veiled to the free acid as described above 
The acid was lecrystallized from peti oleum ether several times at room 
temperature, mp 80°, mol wt by titration 385, iodine number 0 Lig- 
noceiic acid, m p 82°, mol ivt 368 

Sphingosine sulfate was isolated in crystalline form fiom acid hydrolysis 
of sphingomyehn as described for brain sphingomyelin The lodme num- 
ber of this prepaiation was 36 7 (iodine number of unsaturated sphingosine 
72 9) Aftei hydiogenation with PtOa (Adams’ catalyst) this substance 
gave an iodine numbei of 0 


DISCUSSION 

Sphingomyelin of brain is different m regard to its component fatty 
acids fiom the sphingomyelin of visceral oigans like lung and spleen - In 
brain sphingomyelin an unsaturated fatty acid, namely neivonic acid, is 
found in laiger amounts, while its satin ated compound, lignoceric acid, 
IS piesent in smallei quantities than in other oigans 

Palmitic acid is not present m sphingomyelin of brain aftei it is freed 
of hydrolecithin (dipalmityl lecithin), while in the visceral organs palmitic 
acid is found together with lignoceric acid as the only fatty acid con- 
stituents of splungomyelin 

Steanc acid is piesent togethei with nervomc acid as the mam constituent 
fatty acid of biain splungomyelin It has not been found m the sphingo- 
myelin of othei organs 

Sphingomyelin of spleen contains palmitic acid and lignoceric acid in 
equal quantities Its fatty acid components are thus essentially the same 
as those of lung sphingomyehn 

The physiological significance of the diffeience of the component fatty 
acids of brain sphingomyehn and the sphingomyehn of visceral organs is 
not knoivn 

The sphingosine fi action of the hydrolysate was isolated from brain as 
well as fiom spleen sphingomyehn The iodine number of the appaiently 
unifoi-mly ciystallized sphingosine sulfate of both oigans showed that this 
substance is a mixtuie of hydrosphmgosine and unsatuiated sphingosine 
The sphmgosine gioups of the sphingomyehn thus consist of saturated and 
unsaturated sphingosine, in analogy to the composition of the cerebrosides 
as previously shown by Carter and his associates (5, 6) 

- Brain is an ectodermal organ Visceral organs like lung and spleen are of endo- 
dermal and mesenchymal origin 
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SUMMARY 

1 A procedure for the preparation of pure bram spbingomyebn free of 
hydrolecithm is descnbed 

2 The fatty acids present in brain sphingomyelin are different from 
those present m other organs mvestigated The component fatty acids 
of brain sphingomyehn are steanc, nervomc, and hgnocenc acids, while 
hgnoceric acid and palmitic acid are the component fatty acids of sphmgo- 
myelm prepared from spleen and lung 

3 Sphmgosme isolated after acid hydrolysis of bram as well as spleen 
sphmgomyehn is a mixture of hydrosphmgosme and unsaturated sphmgo- 
sme 

The authors are mdebted to Dr Gerhard Schmidt for his helpful sug- 
gestions 
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Leuconostoc mesenterouies P-GO, Lactobacillus fermenh 36, and Strepto- 
coccus faecalts have all been used m the assay of histidme (1-11) For the 
work reported in this paper both L mesmteroides P-60* and S faecahs 
9790* were used The standard curve obtained with S faecalts 9790, 
although having a dip in the middle, was adequate m every respect for 
accurate assays of histidme As a check, a number of foods were assayed 
with L tnesenterotdes 


EXPERIMENTAX. 

Organisms and Basal Media — Leuconostoc mesenteroides P-60 ivas used 
with the medium reported for lysme (12), with the exception that pyri- 



Fig 1 Standard curve for histidme with S/repJococcus/aecaZis 


dovme was replaced with pyridoxamme (400 y per hter) Streptococcus 
faecalts 9790 w as used with the medium reported for threonine (13) 

* Obtained from the American Tjpe Culture Collection, Georgetown Umversitj 
School of Medicine, Washington, D C 


149 




150 


MICROBIOLOGICAL DETERMINATION OF HISTIDINE 



Fig 2 Standard curve for histidine with Leuconostoc 7 ncscnterojdes 


Tabll I 

Recovery of Hishdnie Added to Protein Hydrolysates 


Protein hydrolysate 

Histidine 

In hydroly- 
sate* 

Added 

Total 

round 

Recovery 

Corn, whole, yellow 


7 

T 


Y 

7 

per (tilt 

1 

35 

4 

5 

35 

5 35 

100 


2 

70 

4 

6 

70 

6 70 

100 

Edestin 

4 

2 

05 

50 

4 

2 

8 

4 

05 

50 

8 10 

4 50 

101 

100 


2 

50 

4 

6 

50 

6 30 

97 


2 

60 

6 

8 

50 

8 60 

101 

Glycinin 

2 

1 

50 

70 

8 

2 

10 

3 

50 

70 

10 50 

3 70 

100 

100 


3 

40 

2 

5 

40 

5 30 

98 


5 

10 

2 

7 

10 

7 10 

100 

Soy bean flour 

6 

2 

80 

30 

2 

2 

8 

4 

80 

30 

9 20 

4 30 

105 

100 


2 

30 

4 

6 

30 

6 10 

96 


2 

30 

6 

8 

30 

8 30 

100 

Wheat, vliolc 

2 

1 

30 

60 

8 

2 

10 

3 

30 

60 

10 30 

3 60 

100 

100 


1 

60 

4 

5 

60 

5 50 

98 


1 

60 

6 

7 

60 

7 40 

97 


1 

60 

8 

9 

60 

9 60 

100 


* Not corrected for moisture and ash 


j ssay loce lire ^The procedures followed for the cultuies, inoculum 
an prepaiation of samples were identical with those described in a previous 
paper (14), vnth the exception that 0 05 n alkali was used for the titrations 
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Pi eparation of Hishdine Standards — ^L-Histidine solutions ranging in con- 
centration from 2 to 20 T per ml were used m preparmg the standard 


Tabus II 

Htshdine Content of Some Proteins and Foods Determined at Different Assay Levels* 


Protein assay 


Histidine found 


level 

Lactalbumin 

Cottonseed dour 

[ Whole dried egg 

1 Blacl eyed peas 

1 White nee 

y 

n 


y 

Percent 

y 

\percent 

y 

percent 

y j 

percent 

100 

mm 





1 





200 


■BUI 

2 90 

1 45 

2 10 

1 05 





300 

mm 

1 40 









400 


1 42 

6 00 

1 SO 

4 20 

1 05 





500 

5 70 j 

1 





3 30 

0 66 

1 


600 



8 50 

1 42 

6 20 

1 03 





800 

1 


11 20 

1 40 

8 40 

1 05 





1000 

1 






6 70 

0 67 

1 65 

0 17 

1500 







10 00 

0 67 



2000 







13 30 

0 67 

3 30 

0 16 

3000 


1 







4 90 

Ba 

4000 









6 50 


Average 


1 40 


1 44 


1 05 

■ 

0 67 


0 16 


* Not corrected for moisture and ash 


Table III 

Comparison of Histidine Content by Leuconostoc mesenteroides 
and Streptococcus faecalis* 


Material 

N 

1 Histidine 

L ntesenteroxdez j 

1 content 

S foecaJts 


Percent 

percent I 

per cent 

Casein 

16 07 

2 50 

2 46 

Corn, whole, yellow 

2 22 

0 27 

0 26 

Cottonseed flour 

10 36 

1 42 ! 

1 44 

Edestin 

18 55 

2 46 

2 32 

Glycimn l 

17 30 1 

1 80 I 

1 83 

Ovalbumin 

15 98 

1 93 

1 93 

Peanut flour 

10 15 

1 19 

1 20 

Rice, white 

1 26 

0 16 

0 16 

Soy bean flour 

8 85 

1 15 I 

1 16 

Wheat, whole 

3 07 

0 34 

0 34 


* Not corrected for moisture and ash 


cun'-es The titration values of these curves (Figs 1 and 2) vere not 
altered by the addition of 1 2 mg of any of the mneteen ammo acids to the 
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MICROBIOLOGICAL DETERMINATION OF HISTIDINE 


medium No change was obtained m the titiation values of the Sliepto 
coccus faecahs curve (Fig 1) ivhen the amounts of vitamms, uiacil, adenine, 


Table IV 

Hzshdtnc Content of Sozne Proteins and Foods 
Percentages calculated for ash- and moisture-free material 


Material 


Arachin 

percent 

18 30 

Casein 

16 07 

Coconut globulin 

17 42 

Conarachin 

18 20 

Cottonseed globulin 

IS 00 

Edestin 

18 55 

Gelatin (Bacto) 

18 32 

Glycinm 

! 17 30 

Lactalbuimn 

15 39 

Ovalbumin (crystalline) 

15 98 

0\ muscle 

16 00 

Peanut, total globulins 

18 01 

Phaseolin (navy bean) 

16 07 

Wheat bran globulin 

17 76 

Zein 

16 00 

Barley, pearled 

1 86 

Brazil nut meal 

9 03 

Corn germ, defatted 1 

3 93 

" whole, yellow 

2 22 

Cottonseed flour 

10 36 

Egg, whole, dried 

8 11 

Milk, drj , skim 

6 57 

Oatmeal 

2 73 

Peanut flour 

10 16 

Peas, black-eyed 

4 15 

Rico, white 

1 26 

Rye, whole 

1 98 

Soj bean flour 

8 85 

Wheat germ, defatted 

G 50 

“ uhole 

3 07 

Yeast, dried, brewers’ 

7 71 


Histidmc 

Values from literature 

percent 


2 16 

2 31 (15), 2 16 (16) 

2 65 

t 2 8 (1), 3 1 (2), 3 0 (3), 2 G (4), 


3 2 (5). 4 1 (6), 2 6 (7), 2 63 


(16) 

1 52 

2 42 (17) 

2 05 


3 38 

2 9 (18) 

2 50 

2 62 (11), 2 52 (15), 2 8 (16) 

0 77 

0 58 (1), 0 79 (4), 0 83 (5), 1 0 


(6), 0 9 (16) 

1 97 

2 08 (15) 

1 50 

1 8 (4), 1 7 (16) 

2 06 

2 3 (1), 2 4 (5), 2 1 (16) 

1 98 

3 5 (4), 19 (16), 2 25 (19) 

1 65 


2 24 


1 86 


0 76 

0 85 (15), 0 7 (16) 

0 21 

0 19 (6) 

1 08 


0 67 1 

0 71 (16) 

0 31 

0 44 (6), 0 33 (16), 0 29 (20) 

1 62 

1 78 (6), 1 68 (16) 

1 17 


1 01 

0 99(1),1 33 (6), 0 99 (7), 0 92 


(21) 

0 38 

0 41 (6), 0 34 (16) 

1 34 

1 33 (16) 

0 75 


0 IS 

0 12 (16) 

0 27 

0 22 (1) 

1 32 

1 27 (1), 1 65 (6), 1 55 (10) 

0 84 

1 0 (16) 

0 39 

0 38 (1),0 46 (6) 

0 78 

1 0 (1), 1 38 (22) 


and guanine were mci eased in the medium, noi did the addition of aspaia- 
gine, glutamine, ascorbic acid, pimelic acid, /3-alanine, inositol, oi \anthinc 
change these values in any way 
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Recoverj’- of histidine added m different proportions to hydrolysates of 
^^hole com, edestin, glycinin, soy bean flour, and whole ^^heat was satis- 
factoiy (Table I) 

Table II shows histidine values for lactalbumin and several foods 
analyzed at different assay levels 

Table III gives histidine values of casern and three other proteins together 
mth several foods as found bj’^ the use of two different organisms and media 

The final corrected values for histidme (Table IV) in the proteins and 
foods^ assayed agree veil with those reported for the same matenals by 
others usmg microbiological methods The results obtamed bj’’ chemical 
methods, especially those of Vickeiy and Wmtermtz (15) and Block 
and Bolhng (16), are likewise m close agreement with the values herem 
reported 


SUMMARY 

Two microbiological methods aie descnbed for the dete rmin ation of 
lustidme The procedures have been apphed to the assay of protems and 
foods mtb results that agree closely with those obtamed b}'’ others usmg 
either microbiological oi chemical methods 
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EXCRETION OF BENZOQUINONEACETIC ACID IN 
HYPOVITAMINOSIS C 

Bt ELLA H FISHBERG 

With the Technical Assistance or Virginia Rechnitzer 
{From the Biochemical Laboratory of the Beth Israel Hospital, New York) 

(Received for publication, August 7, 1947) 

Sealock et al (1) and Levine et al (2) showed that keto and hydroxy 
derivatives of phenylalanine and tyrosine were excreted m the unne -when 
insufficient ascorbic acid was available for the metabolic needs of the 
orgamsm Administration of the vitamin promptly prevented the appear- 
ance of these partial metabolites Fishberg (3) showed that the urme m 
those pathologic states brought about by ascorbic acid deficiency became 
capable of mducmg methemoglobin formation ^n vtlro This in vitro for- 
mation of methemoglobm by the urme is pathognomomc of a very rare 
metabohc disorder first described by Stokvis (4), “autotoxic enterogenous 
cyanosis,” m which some substance of unknown chemical constitution 
circulatmg m the blood stream caused the formation of methemoglobm and 
resulted m the typical mtense cyanosis 
In this mvestigation we have attempted to identify this substance, which 
was excreted m large quantities m the urme of a deeply cyanotic 55 year-old 
subject The mtensity of the cyanosis varied directly -with the excretion 
m the urme of a substance, which on the basis of its chemical properties, 
its ultraviolet absorption spectrum, and oxidation-reduction potential 
appears to be benzoqumoneacetic acid, the oxidized phase of the oxidation- 
reduction system homogentisic-benzoquinoneacetic acid The method of 
Valeur (5) for the quantitative estimation of nater-soluble p-qumones 
could be applied to its quantitative determination Also, we found that 
the power of methemoglobm formation in mtro was by no means confined 
to urme excreted by subjects suffermg from enterogenous cyanosis Table I 
shows that a methemoglobm-formmg substance having identical chemical 
properties and physical constants could be detected m the urme excreted m 
those pathologic states m vhich dimmished excretion of vitamm C m the 
urme had been previously reported, notably scurvy and rheumatic fever 
Gumea pigs mamtamed on a scorbutic diet and showmg manifest lesions of 
scurvy also excreted an identical substance It can be seen m Table I that 
urme excreted m the above pathologic states showed a number of chemical 
reactions which could be reproduced by substitutmg a solution containmg 
50 mg per cent of benzoqumone for the urme 
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BBNZOQUINONEACETIC ACID IN HYTOVITAMINOSIS C 


The leactions used weie the following (1) 1 cc of 10 per cent KI and 
1 cc of 2 N H2SO4 weie added to 2 cc of solution A positive leaction is 
indicated by a yelloivish blown coloi, which, on addition of a few drops of 
soluble staich, tuins deep blue (2) 2 cc of solution weie added to 2 cc of 
blood which had pieviously been diluted 1 4 nith distilled vater A 
positive leaction is shown by the chocolate-bi own col 01 and the appearance 
of an intense absorption band at 630 m/i (3) To 2 cc of dimctliyl-p 
phenylenediamine in acetic acid solution, 2 cc of the solution aie added 

TaBLI! I 


Ghcmical Tests for ■p-Quinonc 


Solution 

Tcstl 

Test 2 

Test 3 

Test 4 

1 

Tests 

Tests 

Test? 

I 60 mg % aqueous benzo- 

+ 

+ 

+ 

+ 

+ 

+ 


qmnono 






1 

+ 

+ 

II 50 mg % benzoquinone in nor- 

+ 

+ 

+ 

+ 

+ 

mal urine 








III Urine (enterogenous cyanosis) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

IV Distillate from (III) 

+ 

+ 

+ 

+ 

+ 

+ ! 

+ 

V Normal urine 


+ t 




— 

+* 

VI Distillate from (V) 





— 

— 

— 

VII 50 mg % phenylpyruvic acid 

B 




+ 

— 

— 

in urine § 








VIII Distillate from (VII) 





— 

— 


IX Urine from scorbutic subjcct|| 

+ 

+ 

+ 1 

+ 

+ 

+ 

+ 

X Distillate from (IX) 

+ 

+ 

+ 

1 + 

+ 

+ 

+ 


* See the text 

t Only after 24 hours standing at 40° 
t Cloudiness with very slight precipitate after an hour 

§ Phenylpyruvic acid was taken as representative of the known intermediates oI 
tyrosine metabolism, and a control solution of 50 mg per cent was used It was 
synthesized by the method of Herbst and Shemin (6) 

II The subject had subsisted on a diet of chicken soup, chicken, and tea for lO 
years Multiple hemorrhages and all clinical signs of scurvy 

A positive reaction is shoira by the appeal ance of a biilliant led coloi On 
spectrophotometnc examination the cuive of this led solution shows two 
absorption peaks at 520 and 550 in/i similai to those of the ineiiqumone, 
Wurster’s red (4) To 2 cc of benzidine m acetic acid solution 2 cc of the 
solution are added A positive reaction is shovm by a blight orange color 
(5) To 1 cc of the solution 2 8 mg of 2,4-dmitrophenylhydrazine m 1 cc 
of N HCl aie added A positive reaction is indicated by clouding of the 
solution within a few minutes and a yellow piecipitate on standing (6) 
The solution is made alkaline and allowed to lemain in an incubatoi Aftei 
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24 hours the solution turns dark brown and deposits a black precipitate 
This phenomenon was noted by Mackenzie Wallis (7) m the urine of the 
five cases of enterogenous cyanosis reported by him in 1913 (7) A few 

drops of concentrated HCl are added to 5 cc of the solution A positive 
reaction is shown by the mstant appearance of a warm red color This 
reaction was stated by both Stokvis (4) and van den Bergh (8) to be char- 
acteristic of enterogenous cyanosis, but it may be reproduced readily by 
addmg a few drops of concentrated HCl to normal urme m which benzo- 
qumone has been dissolved This reaction is negative m an aqueous solu- 
tion of benzoquinone A normal urme will show a rose color if treated with 
concentrated HCl and allowed to stand for 24 hours 
Crystallme benzoqumoneacetic acid was prepared 50 cc of cleared 
urme positive to the lodme-starch reaction were placed m a separatory 
funnel and 50 cc of peroxide-free ether added The quantity of 2 n HCI 
requured to change the pH of the urine to 3 4 was determined potentio- 
metncally The calculated amount was added quickly and the mixture 
shaken vigorously The ether became positive to the lodme-starch re- 
action On evaporation of the ether, bnght yellow crystals appeared, 
identical with those obtained by Momer (9) by oxidation of homogen- 
tisic acid We prepared the dimethyl ether of homogentisic acid (Wolkow 
and Baumann (10)) from a positive urme distillate by treatment m alka- 
Ime solution at room temperature with methyl sulfate 
870 cc of urme contammg 469 mg of methemoglobm-formmg substance 
(pH 5 62) were distilled An mdicator solution consistmg of KI, H2SO4, 
and starch was placed m the receiver When the mdicator turned blue, the 
receiver was changed A buffer solution (pH 7 17) was placed m the re- 
ceiver and the distillation contmued A steam distillate (650 cc contammg 
115 mg of benzoqumoneacetic acid) was obtamed The matenal m the 
distillmg flask had lost its power of liberating I from KI The yield was 
less than 25 per cent This steam distillate was concentrated at room 
temperature, 15 mm pressure, pH 7 12 100 cc contammg 98 mg of 

benzoqumoneacetic acid were obtamed 
This was quickly reduced with stannous chloride m alkalme solution till 
the lodme-starch reaction of a sample became negative The solution was 
then shaken with methyl sulfate m a separatory fuimel As the methyla- 
tion proceeded, the solution became warmer and the reaction turned acid to 
litmus The solution v as then extracted with ether In order to hydro- 
lyze the methyl ester of dmiethylhomogentisic acid which was formed, the 
-ethereal extract w as made alkalme mth 10 per cent NaOH and heated on 
the water bath until all of the ether was exhausted It was then acidified 
with HsS 04 and exliausted with ether, and the ether allowed to evaporate 
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spontaneously The lesidue was dissolved in hot water, and on coolmg 
needle-shaped ciystals appealed, m p 123 8° 

CioHioOi Calculated C G1 22, II 6 13 
Found “ G1 07, " G 18 

Quantitative Detei minahon of Methemoglobin-Foi nnng Substance {Adcjik 
iion of Method of Valein (5) foi Detc) minahon of Water-Soluble p-Quinoncs) 
— 10 cc of 10 pel cent KI and 10 cc of 2 n 11:804 are added to 20 cc of 
urine The solution tuins yellowish blown if qumone is present This is 
titiated with 0 01 n sodium thiosulfate, and just before the end-point, a feii 
drops of soluble staich aie added as an indicatoi The end-pomt, the dis 
appearance of the blue coloi, is evtiemely shaip The number of cc of 
thiosulfate X 4 2 gives the numbei of mg of benzoquinoneacetic acid per 
100 cc Table II shows the day to day vanation in the concentration of 
benzoquinoneacetic acid m the uiinc of our cyanotic subject 

A distillate of mine containing 55 mg per cent of benzoqumoneacetic 
acid was used foi the deteimination by the Beckman quaitz spectiopho 
tometer (H souice) of the ultiaviolet absoiption spectrum (cell length 
0 994 cm) As can be seen fiom Fig 1 the absoiption spectrum n as 
characteiized b}’’ a maximum at 286 m/u and a shallow minimum between 
265 and 260 m^ When compaied vith the absoiption cuive of a distillate 
of the uime fiom a iheumatic subject, which contained 38 mg pei cent by 
titiation, it was found that the tvo cuives veie identical Giaubner (U) 
found a similai ultiaviolet absoiption spectium m serum, vith a maximuni 
at 285 van and a minimum at 270 mju In avitaminosis, accoroing to 
Suhimann and Kollath (12), maiked deviations fiom the noimal density 
aie encounteied Graubnei found that the substance which causes this 
specific absorption band dissolved easily in v atei and alcohol but not in 
ethei Though unable to identify the natuie of the substance, Graubner 
postulated a substance which contained a — C — 0 group oi a benzene de- 
rivative It Avould seem possible that benzoquinoneacetic acid foimed as a 
normal intermediate in the catabolism of tyiosme and phenylalanine ap- 
pears in the mine in sufficient quantity to give positnm qumone reactions 
only as a lesult of damage to livei function, such as could be caused by lack 
of vitamin C 

The mine containing benzoqumoneacetic acid must show a veil defined 
o\idation-i eduction potential, that of homogentisic acid To deteimine 
this ve used a uime distillate contammg S3 mg pei cent This was 
titrated electi ometncally vith leucomdigocaimme m stiongly buffeied 
solution m an atmospheie of nitiogen vith blight platinum electrodes 
The nitiogen was passed over heated coppei gauze befoie enteiing the elec- 
ti ode vessel The technique vas essentially that of Clark and Cohen (13) 
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Table II 


ExcreUon o/ Benzoquinoncacchc Actd and Ascorbic Acid per Hours 


Day 

Volume 

Bcnzoqumoncacctic acid 

Ascorbic Acid 

Oxygen 

capacity 


cc 

ms percent 

ms 

mg 

vol per cent 

1 

410 

32 9 

512 

1 6 

15 9 

2 

560 

48 1 

250 

4 8 

15 8 

3 

870 

54 0 

469 

13 6 

16 1 

4 

680 

47 5 

323 

6 0 

16 2 

5 

1280 

0 0 

0 

40 3 

16 4 

6 

1180 

0 0 

0 

47 2 

17 2 

7 

1460 

0 0 

0 

49 1 

17 7 

8 

910 

0 0 

0 

25 1 

18 5 

9 

1240 

0 0 

0 

32 8 

17 1 

10 

1850 

5 1 

94 

6 0 

16 6 

11 

1100 

9 7 

106 

2 7 

16 7 

12 

1200 

3 2 

38 

9 1 

16 5 

13 

1140 

14 1 

160 

3 6 

16 3 

14 

815 

20 6 

168 

5 2 

16 5 

15 

845 

11 9 

101 

i 7 1 

16 9 

16 

1220 

2 6 

310 

10 0 

16 3 

17 

1620 

16 2 

262 

i 14 9 

16 7 

18 

1280 

0 0 

1 ° 

33 1 

18 0 

19 

1230 

0 0 

0 

23 2 

18 6 

20 

659 

22 4 

149 

7 2 

18 0 

21 

1200 

18 9 

226 

12 9 

17 7 

22 

1520 

0 0 

0 

31 1 

18 1 

23 

1170 

2 2 

31 

5 7 

18 4 

24 

1100 

0 0 

0 

29 5 

18 3 

25 

980 ! 

14 2 

140 

7 8 

17 3 

26 

1800 ' 

16 2 

291 

17 5 

16 8 

27 

842 

11 2 

93 

8 3 

16 5 

28 

762 

7 3 

55 

11 1 

16 3 

29 

2160 

5 4 

116 

4 4 

16 7 

30 

2982 

0 0 

0 

55 6 I 

17 2 

31 

2052 

1 9 

39 

113 1 1 

18 2 

32 

1750 

3 8 

67 

68 9 ! 

18 3 

33 

1940 

0 0 

0 

266 1 ! 

18 4 

34 

1360 

0 0 

0 

522 2 

18 5 

35 

1000 

0 0 

0 

480 0 

18 8 

36 

1410 

0 0 

0 

460 0 

19 1 

37 

1320 

0 0 

0 

456 3 

19 5 

38 

2080 

0 0 

0 

561 4 ' 

19 7 


The titration was greatly facilitated by a parallel titration of the lodme 
liberated from acidified KI Fig 2 show s a tj-pical cun e at pH 7 01 The 
mid-point of the titration was 0 2503 volt, which is in excellent accord wuth 
the results reported by Blix (14) for homogentisic acid 
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Conant and Fieser (15) have showTi that hemoglobm-methemoglobinisa 
reversible oxidation-i eduction system whose potential at body pH is ap 
proximately +0 15 volt The potential of benzoquinoneacetic acid in its 
fully oxidized form can leach +0 30 volt at this pll The formation of a 
qumone, however tiansitory its existence, lias been assumed as one of the 
obligate mtermediates in the catabolism of phenjdalanme and tyrosine 


D 



Fiq 1 Ultraviolet absorption spectrum of methemoglobin-forming substance 

Neubauer (16) postulated the conversion of tyrosine into homogentisic acid 
through an mtermediate quinoid stage inth the side cham migrating from 
the 4 to the 3 position in the ring Dakm (17) found that the administra- 
tion to alcaptonuncs of p-tolylalanme and p-methoxyphenylalanine, t c 
substances incapable of forming quinoid derivatives, did not result m in- 
creased excretion of homogentisic acid He regarded this as strong evi- 
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dence tliat a qumoid substance is an obbgate precursor of homogentisjc 
acid The hemoglobin of the blood stream seems capable of deahng with 
the transitory qumones formed dunng normal tyrosme catabohsm, but if 
they appear m larger quantities or persist for a longer time, as evidenced by 
the appearance of benzoqumoneacetic acid in the unne, there must be a 
shift in the equilibrium and on this basis methemoglobm appears m the 
blood It was apparent that approximately 20 per cent of the hemoglobm 
m the blood of our cyanotic patient had been transformed mto methemo- 
globm The blood volume determined by the Congo red method was 4875 
cc , with a hemoglobm content of 658 gm If the molecular weights of 
hemoglobm and benzoqumoneacetic acid, 68,000 and 166 6, respectively, 
are taken mto account, it is apparent that 1 6 gm of benzoqumoneacetic 


VOLTS 



Fig 2 Titration of methemoglobin-fonrung substance 


acid would have been sufficient to transform the entire hemoglobm mto 
methemoglobm Smce 512 mg of benzoqumoneacetic acid were excreted 
m the urme, some protective mechanism must have been functiomng 
This was the ability of hemoglobm to act as a poismg agent by virtue of its 
middle position m the physiological oxidation-reduction scale, and thus to 
protect the blood agamst deletenous changes of Eh, with consequent danger 
to the oxygen transport system The poismg power is the reciprocal of the 
change in potential caused by the equivalent addition of an oxidant, and 
when 20 per cent of the hemoglobm has been transformed mto methemo- 
globm the poismg effect is 25 times as High as at 1 per cent 
Lan and Sealock (18) found that survivmg slices of liver tissue from 
scorbutic gumea pigs had lost the faculty of complete tyrosme oxidation. 
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but addition of vitamin C to scoibutic tissue in vitro resulted m the subse 
quent return of normal function Fig 3 shons that there vas an inverse 
relationship between the amount of bcnzoqumoneacetic acid and the quan 
tity of ascorbic acid excicted each day, as the foimei rose, the latter fell 
The average quantit}’’ of 2,G-dichloiophenol mdophcnol-i educing substance 
excreted in the urine was 7 8 mg foi 20 days on a normal diet when the 
urme contamed benzoqumoneacctic acid and 34 6 mg for the 9 da 3 's when 



DAYS 

Fig 3 Changes in the unnarj' excretion of benzoquinoneacetic acid and ascorbic 
acid and the oxjgen capacity of the blood in autoxic enterogenous cj'anosis 

no quinone could be found Fiorn the 30th day onward the subject was 
given 500 mg of ascorbic acid by mouth and 500 mg intravenously 
Theie w'as rapid cessation of the excretion of benzoquinoneacetic acid, the 
urinary excretion of ascorbic acid rose to an average of 457 mg per 24 
hours, the oxjgen capacity of the blood lose, the methemoblobin band 
paled and finallj’^ almost disappeaied on spectroscopic examination, and the 
cyanosis became less apparent and finally was not visible 
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SUMMARY 

A substance capable of metbemoglobm formation zn vitro, giving the 
chemical reactions of a p-quinone, was obtamed from the urine of subjects 
showmg decreased urmary excretion of vitamm C, but only durmg those 
penods when the urmary excretion of vitamin C was dimmished This 
was identified as benzoqumoneacetic acid on the basis of its chemical reac- 
tions, mcludmg the prepaiation of a derivative, the dimethyl ether of 
homogentisic acid, and the determmation of its oxidation-reduction po- 
tential, tliat of homogentisic acid The assumption was made that it was 
an obligate intermediate m the normal catabolism of tyrosme and phenyl- 
alanme, and its existence was so shoit as to be undemonstrable chemically 
except for the appearance of a characteristic absorption band m the ultra- 
violet region on spectrophotometnc examination of the blood serum and 
urme This is similar to many other physiological mechanisms which 
function imperceptibly under normal conditions but become more apparent 
through exaggerations inherent m their pathological manifestations In 
rheumatic fever and scurvy this qumone persists for a longer time, oiving to 
interruption of the normal tyrosme catabolism at the qumoid stage as a 
sequel to lack of sufiicient available ascorbic acid, a key component of the 
enzyme system necessary for complete t3TOsme oxidation Here the ben- 
zoqumoneacstic acid may be deteroimed chemically m tne uriie In 
enterogenous cyanosis the qumone is produced in such quantities that a 
large part of the hemoglobm of the blood stream is converted into methe- 
moglobin 
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THE MECHANISM OF RETINAL VITAMIN A FORMATION* 

By ALFRED F BLISS 

{From the Department of Physiology, Tufts College Medical School, Boston) 
(Received for publication, August 26, 1947) 

Rhodopsm, the photosensitive pigment of night vision in most verte- 
brates, IS a complex lipoprotein which can be extracted from the retinal rod 
cells by mild detergents such as aqueous digitomn Dissolved rhodopsm is 
charactenzed by an absorption maximum at about 500 mp m the blue-green 
region of the spectrum On exposure to hght it bleaches mth the release 
of yellow hpides The bleaching process is complex, mvolving a primaiy 
photoprocess (1, 2) and secondary dark reactions At temperatures near 
0° the rate of the dark reactions is greatly slowed and an unstable photo- 
product, transient orange (3, 4), can be detected This substance has a 
maximum spectral absorption between 465 and 480 mp m aqueous 
digitomn If the solution is warmed to room temperature, transient orange 
IS rapidly converted to the more stable pigment, mdicator yellow (5, 6), 
with a peak at about 445 mp m acid and 360 mp m basic solution (7) 

If frog retinas are illummated just long enough to bleach them to a yellow 
color and are then shaken with petroleum ether, a third substance, retmene 
(8), can be extracted It has the properties of a carotenoid, giving a blue 
color with antimony tnchlonde m chloroform (9), due to an absorption 
band with a peak at 664 mp It has been suggested that retmene is vitamm 
A aldehyde (10) The absorption spectra of retmene and other colored 
hpides of the rhodopsm senes are shown m Fig 1 

When retmas are illuminated for a long time, their yellow color fades, 
and shakmg mth petroleum ether yields a substance with the properties of 
vitarmn A W’^ald has mcorporated retmene as a precursor of vitanun A m 
his well known visual cycle, but the r6le of transient orange and indicator 
yellow has remained a moot point Another problem that has been noted 
by several investigators is the relatively small production of retmene and 
vitamm A from dissolved rhodopsm, in striking contrast to the behavior of 
retinal rhodopsm These discrepancies pomted to the need for neiv expen- 
ments (11) which have led to a more detailed picture of the dark processes 
following the illumination of rhodopsm A diagram of these processes is 
presented as an aid in folloinng the subsequent descnption of the expen- 
ments on which it is based 

• Aided by a grant from the Penrose Fund of the Ameriean Philosophical Society 
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EXPERIMENTAL 

Methods 

The following pioceduics were emplo 3 ’’ed in most of the experiments 
refeired to in latei sections of this papei Deviations fiom this general 
piocediiie will be specified in the desciiptions of the individual experiments 
In all the expeiimental senes tlie methods were standardized vith legard to 
times, tempeiatuies, stniing, illumination, and diainage losses to minimize 
individual vaiiation 



Fig 1 Spectra of colored retinal pigments Curve 1, alkaline indicator yellow 
in alcohol, from retinas pretreated with sodium caibonate, Curve 2, retinene m 
chloroform, Curve 3, acid indicator yellow in alcohol. Curve 4, aqueous transient 
orange, from Lythgoe and Quilliam, Curve 5, acid indicator yellow in chlorofornii 
Curve 6, rhodopsin in aqueous digitonin 


The visual pigments Avere obtained fiom the common fiog, Rana ptptcns 
Aftei daik adaptation for 2 or moie houis at 25°, tno oi thiee fiogs were 
decapitated in dim led light and then letinas dissected fiom the melanotic 
pigment epithelium in Rmgei’s solution The weight of the fiesh letinas, 
minus diamage fluid, ivas determined on a glass plate, and usually ranged 
fiom 100 to 200 mg 

In certain expeiiments the A\eighed letinas weie hardened foi 1 hour m 
4 per cent alum (potassium aluminum sulfate), followed by a 1 hour water 
A\ash Since this tieatment appaiently lendeis insoluble nearly all the 
pioteins of the retina except ihodopsin, it was not employed ivhen com- 
ponents othei than rhodopsin ivere desiied in the subsequent extract 
The letinas were placed in a 12 ml comcal centrifuge tube and cxti acted 




Bftsio indicator yellow, 
360 mu 


A F BUSS 


167 



016 mu (SbClj) 



168 
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by grinding ivith a glass rod for 1 minute in 0 2 ml of 3 per cent aqueous 
digitonin After 10 minutes and 20 minutes at 25°, the suspension 'uas 
again giound, and then ivas spun m a Soi-vall angle centrifuge at a high 
speed foi 10 minutes The residue was reextracted for 10 minutes with 
0 2 ml ofwatei 0 2 ml of phosphate-citi ate buffer at a pH appropriate to 
the particular expeiiment was added to the pooled fiist and second extract, 
and the resulting pH determined by a Beckman 1 di op glass electrode 
The digitomn solutions of ihodopsm were bleached 30 seconds in light 
from a 100 watt bulb at a distance of 3 inches A half inch of water and a 
Coining No 3389 (yellow) filter weie placed in the beam to leduce possible 
side effects of infra-red and ultraviolet light The pi ogress of the thermal 
reactions was followed at 25° in hght from a 200 watt bulb 10 feet distant, 
to prevent regeneration of the bleached rhodopsm 
The carotenoid fraction was extracted from the bleached rhodopsm solu 
tions by shaking the solutions directly with 10 volumes of petroleum ether, 
or by adding 9 volumes of absolute methanol to the solution and shaking 
for a few seconds vnth two 5 ml portions of petroleum ether Since the 
latter procedure led to prompt quenching of enzymic activity and quicker 
separation of the layers after shaking, it was used except where otherwise 
mdicated The petroleum ether was then evaporated to dryness m a 75 
ml test-tube at room temperature in vacuo 1 5 ml of 5 per cent alcohobc 
KOH were added to the residue and allowed to stand 30 mmutes m the dark 
at 25°, a step which decreased the mcidence of turbidity m the subsequent 
SbCla test After addition of an equal amoimt of water the alkaline alcohol 
solution was shaken with two 5 ml portions of petroleum ether The resi 
due from the latter was transferred to the 1 cm optical cell with 0 35 ml of 
chloroform After the cell was placed m the photoelectric spectrophotom 
eter (12), 0 65 ml of antimony trichloride in saturated chloroform solu- 
tion at 25° was mixed with a drop of acetic anliydride to remove moisture 
This solution was then added to the sample m the optical cell The 35 65 
ratio of the sample to the reagent was chosen in prefeience to the 1 . 10 ratio 
usually employed in the Carr-Price test because it permitted more accurate 
transfer of small samples, and led to readings that were not sigmficantly 
different from those obtained by the standard method 
Within 15 seconds after the addition of the antunony trichloride the 
galvanometer deflection of the spectrophotometer was read Wave- 
lengths weie changed with the aid of a notched wave-length drum and 
spring catch to insure maximum rapidity in recording the fleeting blue color 
Since the circuit response was hnear, the readings could be converted to 
optical density (log lo/I), which was finally coriected for the density of the 
cell and solvent The observed densities were corrected, by extrapolation 
of the time-density curve, for the loss m density after addition of the reagent 
and before the readings 
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Correction was made, when necessary, for the mutual mterference of 
the vitamm A and retinene absorption bands m the Carr-Pnce test This 
correction is necessary when appreciable quantities of both carotenoids are 
present, smce the density of the antimony tnchlonde complex of vitamm 
A at 664 mil is about 0 2 of that at the vitamin A maximum, 615 ma Like- 
wise the density of the antimony tnchlonde complex of retmene at 615 m^ 
IS about 0 7 of that at the retmene maximum, 664 mju The portion of the 
observed density at 615 ma which is due to vitamm A may be represented 
by X Similarly the portion of the density at 664 m/i which is due to 
retmene may be called y Then the observed density at 615 m^t = (a; -h 0 7 
y), and the observed density at 664 mju = (y -k 0 2 x) These two equa- 
tions may then be solved for x and y 



Fia 2 Thermal changes in bleached rhodopsin Bolutions at pH 3 9 Curve 1 
density at 470 nut of transient orange and acid indicator yellow from 164 mg , wet, 
weight of retinas, m 1 6 ml of aqueous digitonin at 25° Curve 2, density of SbCl, 
test for retinene per 100 mg , wet weight 

Retmene Production in Rhodoysin Solutions — ^Rhodopsm solutions were 
prepared from alum-soaked retmas, as described in “Methods ” In the 
first senes the buffer was oimtted to obtam an acid extract at pH 3 9, the 
volume of which was brought to 1 5 ml with water Dunng the first 8 
minutes following bleaching at 25° the imtial photoproduct, transient 
orange, was replaced by the mtensely yellow pigment, acid in&cator yel- 
low This substance then bleached gradually over the course of 10 hours 
These thermal changes were recorded at 470 mp, at which wave-length the 
absorption of aqueous retmene is nearly zero, and are shown m Fig 2, 
Curve 1 

The amount of retinene present at vanous times follownng bleachmg of 
acid solutions of rhodopsm was then determmed as follows 9 volumes of 
methanol were added to each solution tested An equal volume of water 
was then added, and the resultmg 50 per cent methanol solution was ghnVp.n 
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With three 5 ml portions of petroleum ethei The clued residue from the 
petroleum ethei was then saponified and tested hy the Carr-Pnce reaction, 
as desciibed in “Methods” The lesults aie given in Fig 2, Curve 2 
Each point on Cuive 2 lepiesents the density at 604 m/i due to retmene < 
extracted from a separate 0 4 ml bleached solution which had been allowed 
to stand foi the indicated time at 25° It can be seen that tiansient orange 
released no significant amount of letmene, whcieas acid indicator yellow 
formed letinene until the acid mdicatoi yellow had completely disappeared 
Although aqueous transient oiange was rapidly converted to the retmene 
precursor, acid indicator yellow, the conveision rate in 50 per cent methanol 
was appal ently slow enough so that little letmene was foimed in the lo 
minutes lequiied foi extraction of the carotenoid fraction from the 50 per 
cent methanol 

It IS also clear that the retmene itself was labile, so that only a part of the 
total potential retmene was present at any time The total letinene was 
determined by shaking a bleached solution of acidic ihodopsm ivith 10 
volume portions of peti oleum ether foi 5 minute periods at intervals of 
about an hour The emulsions were separated by centrifugation, and the 
residues from the petroleum ether weie brought mthout saponification into 
chloroform They weie then tested with antimony tncliloiide, as already 
desciibed The letmene value foi each petroleum ether extract was added 
to the cumulative value foi the previous shakings, giving a total letinene 
production of 0 4 density units at 664 m/i m 9 houis following bleaching, a 
considerably highei value than the maximum, 0 24, obtained by a com 
parable single deteimination based on extraction of the retmene from 90 
per cent methanol 

Retmene production was strongly influenced by pH, both m late and 
amount A solution of ihodopsm fiom alum-pietreated letmas, bi ought to 
pH 6 7, exhibited an induction peiiod of letmene fonnation only 2 minutes 
m length, much shoi tei than the 8 minutes lequired at pH 3 9 Veiy httle 
retmene could be obtained from solutions above pH 7 Tne antimony tri 
chloride test jnelded a faint blue color, which was probably due to piefornied 
vitamin A, tiaces of retmene, and possibly a faint reaction of indicator 
yellow or ti ansient orange In alkaline solution the i etmene precui sor, acid 
mdicatoi yellow, was leveisibly conveited to its stable basic foi-m 

Vilamin A Production in Rhodopsin Solutions — ^^Vald has shoini that 
letmene is an mtei mediate m the formation of vitamin A by the bleached 
letma When retinas aie soaked m alum before bleaching, vitamin A is no 
longer fomed, even though the pH is brought back to neutrality Simi- 
larly digitonm solutions of ihodopsm fiom retinas so treated yield retmene 
alone In fact, it has been emphatically denied by several workers that 
the formation of vitamin A m rhodopsin solutions has ever been observed 
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Howevei, Wald (13) has showTi that fresh neutral solutions of rhodopsui 
exhibit a thermal fading after illumination similar to that of fresh retinas 
in the course of vitamin A formation This clue made it necessary to 
reinvestigate the production of carotenoids by rhodopsin solutions 



Fig 3 Vitanun A formation by unbuffered extract per 100 mg , wet weight, at 25° 
Curve 1, vitamin A, Curve 2, retinene 



Fig 4 Absorption spectra of SbClj test per 100 mg , net neight, 1 hour after 
bleaching Curve 1, petroleum ether extract of whole retinas, Curve 2, petroleum 
ether extract of aqueous digitonin solution of rhodopsin bleaching products 

A fresh, unbuffered solution of rhodopsin was bleached for 30 seconds in 
the light described above, and \s as then kept at a distance of 10 feet from 
a 200 watt lamp to prevent regeneration of the rhodopsin Ahquots u ere 
treated with alcohol at x anous times aftei bleaclung at 25° and stored over 
solid carbon dioxide until they could be tested for xntamin A and retinene 
The course of this experiment is shown in Fig 3, and the absorption spec- 
trum of the final blue color is shown in Fig 4 Figs 3 and 4 show that 
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flesh extiacts of rhodopsm foimed vitamin A as efficiently as did whole 
retinas When an unbleached extiact of fresh rel-inas was added to a simi 
lar extiact of alum-tieated retinas, the amount of vitamin A formed 
the same as that of two fiesh extracts The numerical data of these expen 
ments are given in Table I, and show that vitamin A formation was induced 
by an independent, alum-labile factor The factoi could be obtained free 
from rhodopsm by bleaclung retinas until the}'’ had formed their maMmum 
amount of vitamin A The}’’ weie then fiozen and dried m vacuo The 
dned retinas weie washed on a glass filtei for 1 hour with petroleum ether 
at 5°, and then extiacted with digitonm as usual Such extracts }'ielde 
no trace of vitamin A, but induced the formation of maximum amounts o 
vitamm A fiom alum-pietreated bleached ihodopsm solutions at pH 67 
Effect of Trypsin on Rhodopsm and on Vitamin A Formation It seeme 
probable that the activating factor was an enzyme or an enzymic system 
If this were the case, it might be expected that its activity w ould be e 


Table I 

Induclton of Vilamin A Formation by Fresh Extracts of Rhodopstn 


Density of SbClj color test per 100 mg , wet weight, pH 7 6, 1 hour after bleaching, 
27 ± 2° The data in the first column give the range of five experiments, the other 
columns, the average of duplicate experiments 


Wave lenstli 

Fresh solutions 

Alum pretreated 
sofuUons 

Fresh + alum pretreated 

mu 




615 

0 25 ± 0 06 


0 25 

664 

0 06 ± 0 02 


0 05 


stroyed by trypsin, to which rhodopsm has been reported insensitive (H) 
A 10 per cent suspension of Pfanstiehl “trypsin powder (1 110)” was 
dialyzed 6 hours in a refiigeiator and then centrifuged at a high speed for 
10 minutes in an angle centiifuge An equal volume of the supernatant 
was added to one-hah of a digitomn solution prepared as follows tw'enty 
freslily excised fiog letinas were extiacted foi 20 minutes at 26° in 0 3 ml 
of 3 per cent aqueous digitomn, and similarly leextracted 10 minutes in 0 2 

ml of digitomn The pooled ihodopsm and trypsin solution was brought to 

pH 7 0 by 1 ml of phosphate-citrate buffer of pH 7 1 

An equal amount of the buffer was added to the other half of the rhodop- 
sin solution as a control The tiypsin-tieated solution was allowed to 
stand for 1 hour at 25° m the dark before testing The rhodopsm content 
was determined as density fall at 500 m/i follo'^ving 30 seconds bleaching by 
a 100 watt lamp at 3 mches In two such experiments the rhodopsm values 
of the controls were 0 18 and 0 15, while the corresponding values in the 
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trypsin solutions were 0 21 and 0 18 Thus the trypsin treatment had no 
significant effect on the rhodopsm However, trypsin-tieated solutions 
formed no vitamm A, showing that the activatmg factor was probably 
a protem The fact that rhodopsm, which is also a protem, was not simi- 
larly destroyed may be due to its large hpide prosthetic group 

Aging of Vitamin A Factor — ^Aqueous digitomn extracts of fresh retmas 
were prepared as quickly as possible, according to “Methods ” In this 
senes the buffer was omitted and the pH was thu^mamtamed by the 
extracted tissue buffers at about 6 Each extract w^ kept m the dark at 
25° for a defimte time and then bleached 30 second/ The bleached solu- 
tion was then kept m hght for 10 mmutes at 25j)° The reaction was 
terminated by the addition of 9 volumes of metnanol, from which the 



Fig 6 Aging of vitamin A factor in imbuffered aolutions Ordinate, density of 
SbCli test per 100 mg , wet weight Abscissa, time from start of digitomn extraction 
Each point gives the average of duplicate experiments 

carotenoids were extracted as descnbed m “Methods ” The results are 
shown m Fig 5, m -which each pomt represents the average of two separate 
preparations It can be seen that the rate of vitamm A formation, meas- 
ured at 615 mp, remamed high for about 2 hours follovmg the start of the 
extraction, and then fell rapidly to the level of preformed -vitamm A 
Simultaneously the retinene curve, measured at 664 mp, rose These 
curves suggest that the rhodopsm solutions contamed a labile factor ongi- 
nally present m excess, but which in 2 hours had detenorated to a low enough 
concentration to hrmt the rate of vitamin A formation and cause an accu- 
mulation of retmene 

Effect of pH on Vitamin A Formation — ^Buffered digitomn solutions of 
rhodopsm from freshly excised retinas -were prepared as descnbed m 
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“Methods ” Aftei dcteiniination of the pll each solution nas illuminated 
and allowed to stand foi 10 minutes at 25 0° The act ion n as stopped nitli 
9 volumes of methanol, and the caiotenoid pioduction vas measured at 
615 and 664 mu as befoie The Autamin A formation nas plotted against 
pH and is shoivn in Fig 6 In this cui ve each point lepiesents the i itarain 
A extracted fiom a sepaiate, bleached piepaiation The ^ allies have been 
collected foi the density due to piefoimed vitamin A, 0 02 pei 100 mg, 
wh ch was deteimmed by shaking an aqueous digitonin solution of ihodop 
sin at pH 6 7 foi a total of 15 minutes in the daik nitli tuo 5 ml poitions 
of peti oleum ether The activity of the vitamin A factor is seen to be 
maximum at pH 6 7 and falls to zeio at about pH 5 5 and 7 9 The slioul 
del on the acid side coincides with the appeal ance of tuibidity on addition 
of the acid buffer 

Precursor of Vitamin A — A solution of bleached acidic rhodopsin of the 
t3q)e shonm in Fig 2, Cuive 2, giadually foi ms letinene fiom acid indicator 



Fig 6 Effect of pH on vitamin A formation per 100 mg , wet eight 

yellow Such a solution was allowed to stand foi 4 houis aftei bleaclnng 
at 25°, by which time about thiee-quaiteis of the indicatoi yellow had been 
converted to letmene The solution was then bi ought to pH 6 and mixed 
with an equal volume of fiesh ihodopsm solution containing the vitamin A 
factoi Aftei standing foi 1 horn at 25° the bleached mixtuie was tested 
foi carotenoids as usual The letinene was found to have been completely 
removed, and the vitamin A density, 0 27 pei 100 mg of vet weight, vas 
about that usually obtained fiom fieshly piepaied solutions at tlus'pH 
It therefoie seems that the vitamin A factoi can act on retinene 

It IS, however, equally cleai that indicatoi yellow can also be converted 
to vitamin A in fleshly bleached solutions This laises the question of 
vhethei the conveision is direct or via letinene If letinene is an intei- 
mediate, two possible modes of action of the vitamin A factoi piesent 
themselves In the fiist type, the vitamin A factoi can be pictured as hav- 
ing a dual natuie, catalyzing the transformation of acid indicator yellow 
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into retinene, and then converting retinene into vitainm A The second 
possibihty IS that the accumulation of retinene inhibits the further conver- 
sion of acid mdicator j’^ellow to retinene, and that the \utaimn A factor 
operates by removing the mhibition through the com ersion of retmene to 
vitamin A 

If the vitamin A factor catalj’’zes the formation of retmene from indicator 
yellov, one might expect a transitoiy mcrease m retinene formation im- 
mediatelj’’ after bleaching a vitamm A-active solution, compared vuth the 
retmene formation m an mactive solution An active solution at pH 6 7, 
prepared accordmg to “jMethods,” vas allowed to stand at 25° for 75 
seconds after the start of bleaching It was then treated with 9 volumes 
of methanol and analyzed for carotenoids Vitamm A and retmene densi- 
ties of 0 1-4 and 0 05 per 100 mg of w'et w eight were found An inactive 
rhodopsin solution at the same pH and time after bleachmg gave a corre- 
spondmg retmene value of 0 08 Thus there is no present evidence that 
vitamm A formation is accompanied by catalysis of retmene formation 

The second possibihty, that removal of retinene accelerates indicator 
yellow fadmg, has also been briefly mvestigated A bleached acidic solu- 
tion of rhodopsin at pH 3 9 w as shaken violently for 20 minutes at 27° with 
10 volumes of petroleum ether The resultmg density of the aqueous 
indicator yellow at 470 mu w^as found to be 10 per cent lower than the 
control, a similar solution shaken with nitrogen This difference is of 
dubious sigmficance and does not support the \uew' that the bleachmg of 
mdicator yellow' is influenced by the removal of retinene 

If w'e assume that mdicator yellow is a precursor of vitamm A, the 
question anses as to w'hether the acid or basic form is the essential com- 
ponent This is a difficult problem because of the probable existence of 
these tw'o forms in an equihbnum mixture controlled by the pH The fall 
m rate of vitamin A formation with rise m basicity toward pH 8 suggests 
that the acid form is the actual precursor of vitamin A 

DISCUSSION 

The pnmarj' photoproduct of rhodopsin, transient orange, w'as considered 
by Lythgoe (5) to be the precursor of mdicator yellow The absorption 
spectrum of transient orange closely resembles that of the acid form of 
mdicator yellow', as may be seen m Fig 1 Lythgoe and Quilham f3) er- 
roneously concluded that transient orange at 3° is distinguishable from 
indicator yellow' by the failure of the former to act as a pH mdicator 
Actually acid indicator j'ellow at the same temperature proved to be simi- 
larly unresponsive to the addition of a neutral buffer, as may be seen m 
Fig 7 The sluggish response of indicator yellow, hke that of certam lab- 
oratory indicators (3), is probably an example of a secondaiy acid neutrah- 
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zation This may lead to an mhibitoiy effect of cooling such as is found 
in the case of 4,4',4"-tiinitrophenylmethano m alkaline alcohol at -30° 
to —80° When tins solution is acidified, the blue color of the triphenylme 
tlnde ion fades moie and moie slowly the lower the temperature, showing 
that a typical activated slow i cacti on is taking place, viz , the transfonna 
tion of the blue secondary base into a primary base (15) The neutraliza 
tion of a piimaiy base requiies no eneigy of activation and therefore 
proceeds lapidly even at low tempeiaiures Although lesponse to pH does 
not aid in distinguishing tiansient oiange fiom acid indicator yellow, they 



Fig 7 Curve 1, decomposition of transient orange at pH 7 13 and 3°, fromLythgoe 
and Quilliam, Curve 2, response at 450 m/ti of alum-pretreated, bleached digitonin ex- 
tract to the change of pH from 5 to 7, at 3°, actual densities are 0 1 of the scale at the 
left 


are apparently different, since transient orange, unlike acid indicator yel- 
low, does not release retinene 

The events in bleaching ihodopsin solutions can be con elated with the 
following thiee thermal processes distinguished by Wald (13) Thermal 
Component I, the absorption rises at 440 mp in solutions below pH 7, 
Theimal Component 11, the absorption falls at 480 mp and rises below 435 
mp, in solutions below pH 9, at a lower pH the mavimum of bleaching and 
the node shift toward shoiter wave-lengths, Theimal Component iHj 
fresh neutral solutions the absorption deci eases at all wave-lengths 

The mterpretation of these processes m the hght of present evidence 
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follows Thermal Component I, acid mdicator yellow is formed from tran- 
sient orange, Thermal Component II, transient orange forms indicator 
yellow, at a loi\er pH acid indicator yellow is formed and bleaches to 
retmene. Thermal Component III, m fresh neutral solution colorless vita- 
mm A IS formed 

Little IS knoivn concerning the chemistry of these changes Krause 
(4, 6, 7) has performed some interestmg analyses on the visual hpides 
derived from bovme retinas, but, smce he does not state that the animals 
had been previously dark-adapted, no conclusions can be drawn concemmg 
the position of the hpides m the visual cycle The formation of retmene 
apparently is not an enzymic process, since it has been observed m chloro- 
form solutions of its precursor (16) Chase and Hagan (17) have shown 
that the absence of oxygen is without effect on the spectrophotometnc 
course of rhodopsin bleachmg 

The retmal factor which induces the formation of vitamin A eidubits the 
pH dependence, labihty, and protem nature characteristic of enzymes 
It IS mterestmg, m this connection, to note that the conversion of S3mthetic 
retmene to vitamm A by a reductase m rat hver and mtestmal mucosa 
has recently been reported (18) However, until evidence is offered m 
support of these sites of conversion, it can be equally well assumed that 
the actual formation of vitamm A took place m the retma 

SUMMAKT 

1 The primary photoproduct of rhodopsm, transient orange, is con- 
verted m a few mmutes at 25° to a more stable lipide, mdicator j'ellow, 
which IS deep yellow m acid and almost colorless in basic solution The 
change from the acid to the basic form is reversible, but very sluggish near 
0 ° 

2 Acid indicator yellow m aqueous digitonm is converted m a few hours 
to the carotenoid, retmene 

3 Fresh bleached solutions of rhodopsm form large quantities of vitamm 
A 

4 Vitaimn A formation is induced by a labile, probably enzymic factor 
active between pH 5 5 and 7 9, with maximum activity at pH 6 7 
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BLOOD SUGAR AFTER INJECTION OF ACETOACETATE 

By HERBERT C TIDWELL and HELEN E AXELROD 
(From the Department of Biochemistry, Southwestern Medical College, Dallas) 

(Received for publication, September 22, 1947) 

A number of investigators (1) have attempted to explain the decreased 
utilization of carbohydrate in conditions accompanying food intakes low 
in carbohydrate and high in fat In the case of the formation of increased 
amounts of ketone bodies due to such conditions or to diabetes, Nath and 
Brahmachan (2) have attnbuted at least a part of the decreased utilization 
of carbohydrate to an inactivation of available insuhn by these mtennediary 
fat metabolism products “Insulin-refractory” cases nere explamed in 
this nay They also reported (3) that repeated injections of acetoacetic, 
)3-hydroxybutync, and pyruvic acids caused hyperglycemia m rabbits, with 
fastmg values increasmg from day to day after daily injections 
We had previously noted (4, 5) that rats which had been on a low protem- 
high fat diet were much more susceptible to ketosis when fasted and that 
they also exhibited a decreased glucose tolerance In view of the above 
findings, it seemed desirable to obtam additional information regarding 
the effect of the ketone bodies on carbohydrate metabolism in such animals 
When rats instead of rabbits were used as the expenmental ammal, we 
failed to confiiin the findmgs of Nath and Brahmachan Instead of 
elevated blood sugar levels, hj^poglycemia developed after the injection of 
very large amounts of acetoacetate 

EXPERniENTAL 

In the first experiment, female white rats averaging 250 gm m weight 
w'ere used to test the hyperglycemic effect of the mjection of ketone bodies 
Females w'ere selected, smce it is possible that ketosis may produce a more 
marked effect on their carbohydrate metabohsm than on that of males (6) 
All animals of this study w ere fed a diet similar in composition to that previ- 
ously used (4), with 25 per cent casein and 15 per cent Cnsco The food 
was available for 24 hours to a part of the rats, to others for 7 hours, and 
to still others only 3 hours a day dunng the preliminary penod of 2 w eeks 
for establishing new' feeding habits The ammals on each of these feeding 
rdgimes were divided into three groups For blood sugar determinations, 
0 2 cc of blood w as milked from the chpped tails of all these animals after 
18 hours fasting and at inten'als of 1, 2, and 3 hours thereafter After the 
fasting blood sample was taken, the first group was injected mtrapen- 
toneally w ith 1 cc of 1 per cent saline per 100 gm of body weight the 1st 
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day, and then with 18 mg of acctoacetic acid, in 1 cc of saline solution 
adjusted to pH 7 3, pei 100 gm of body u eight for the ne\t 3 days The 
second group leceived only the saline on all 4 da^'s and the third group was 
not injected Four samples of blood foi sugai detenmnations were taken 
from each animal All saline injections contained amounts of sodium 
eqmvalent to that in the acetoacetic acid 

A second experiment was undei taken to study the effect of injected aceto- 
acetate upon endogenous insulin available foi sugar utilization during 
glucose toleiance tests Female rats avei aging 220 gm v ere used for the 
toleiance tests Control values wcie obtained 1 veek with glucose in 
saline and then with glucose in acetoacetic acid the following week The 
first foul animals leceived mtiapeiitoneally 3 5 gm of glucose per kilo in 1 
per cent sahne, followed by 18 mg of acctoacetic acid and the same amount 
of glucose pel 100 gm of body weight The second gioup was treated m 
like manner, except that less glucose, 2 0 gm pei kilo, and tv ice as much 
acetoacetic acid were given them 

A study to determine the effect upon the insulin-secreting mechanism of 
daily mjections of acetoacetate in mci easing amounts for an extended penod 
was made m a third expeiiment The same diet was fed to male rats 
averaging 230 gm in weight Blood sugar determinations were made as 
controls on the fastmg levels and at 1 hour after the subcutaneous injection 
of 1 per cent salme at the start of the experiment Similai determinations 
were made once each week, before and after the subcutaneous injection of 
acetoacetic acid or saline daily for 4 weeks The mitial mjection of 18 mg 
of acetoacetic acid per 100 gm of body weight was doubled each week up to 
144 mg the last week The contiols received sahne contaimng equivalent 
amounts of sodium For comparison, the latter amount of acetoacetic acid 
or sahne was mjected for only 1 day in other animals (approximately 300 
gm ) and blood sugar deteimmed during fastmg and 1 hour after injection 

All blood sugars were determined in tiiplicate by the method described 
by Nelson (7) The acetoacetic acid injected was prepared by hydrolyzing 
ethjd acetoacetate mth sodium hydi oxide m the cold and adjusting finally 
to pH 7 3 with hydrochloric acid Uiine was collected foi 6 hours and then 
the foUovnng 18 hours after all acetoacetate injections, and quahtative tests 
for ketone bodies were made by the nitrpprusside method The room 
temperature during these experiments was mamtained at 26° =fc 1° 

Apparent differences in results weie tested for sigmficance by the t method 
of Fisher (8), and only those having a P value of 0 01 or less weie considered 
sigmficant 


Results 

The various feeding rdgimes of the prehminary penod in the first expen- 
ment did not cause any apparent differences in the blood sugar levels of the 
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animals -which had been divided into the three groups Hence the data on 
all of the nmiTiRlR m each of these groups have been pooled In all cases 
the imtial concentration of the fastmg blood sugar on the 3rd day after the 
acetoacetic acid injections were begun was sigmficantly higher than the 
control values of the 1st day, as previously reported (3) for rabbits This 
was also true for the average values, sho-wn in Table I, on rats whether they 
received the keto acid, sahne only, or no injections whatsoever 

The acetoacetic acid injections did not sigmficantly affect the blood sugar 
levels durmg the 3 hours following injection, although ketonuna of varying 

Table 1 

Effect of Injection of Keto Acxd and Treatment upon Blood Sugar Levels 
The animals were fasted 18 hours They received the diet ad libitum during the 
remaining 3 hours after collection of blood samples each day 1 cc of 1 per cent 
saline or 18 mg of acetoacetic acid per 100 gm of body weight were injected after 
collection of the fasting blood sample 


Day 

No of 
rats 

Injection 


Blood : 

sugar* 


Fastmg 

1 hr 


2 hrs 

3 hr* 

1 

10 

Saline 

mg 

78=b2 

mg 

79 =fc 

1 

mg 

80 rfc 3 

mg 

73db2 


8 

« 

80 ±2 

82 ± 

3 

82 db 3 

81 ± 3 


4 

None 

82 ±6 

85 ± 

5 

85 d; 5 

78 ± 3 

2 

10 

Keto aoid 

86 ± 3 

89 :±: 

1 

89 ± 2 

85 ± 2 


8 

Saline 

88 i 4 

91 ± 

4 

88 ± 5 

87 ±4 


4 

None 

93 ± 5 

100 ± 

4 

102 ± 3 

95 db 4 

3 

10 

Keto acid 

92 ± 1 

92 db 

2 

95 db 3 

92 ± 3 


8 

Saline 

97 ± 2 

95 ± 

3 

95 ± 3 

92 db 3 


4 

None 

97 ± 3 

93 ± 

9 

91 ± 3 

90 ± 1 

4 

10 

Keto acid 

96 db 2 

94 ± 

3 

93 ± 2 

93 ± 2 


8 

Sahne 

100 ± 2 

102 ± 

3 

97 ± 5 

96 ± 4 


4 

None 

100 ± 5 

94 db 10 

95 ± 2 

95 ± 4 


* ± the standard error 


degrees always ensued The mjection of 18 mg of acetoacetic acid per 100 
gm of body weight was used because it did produce a definite ketonuna 
and, on a weight basis, was about t-wice as much as Nath and Brahmachan 
gave to their rabbits (2) 

In the second experiment, the glucose tolerance was not significantly 
changed from the control values by the simultaneous mjection of glucose 
and acetoacetic acid A loss of some sugar m the unne and no appreciable 
change in the tolerance curves m the first animals suggested the use of less 
glucose and more acetoacetic acid Both tests, summanzed m Table II, 
gave similar results There was no indication that the mjected ketone 
body had affected the endogenous msuhn available for sugar utihzation 
durmg these tests 
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The results of the last experiment are given in Table III The daily 
injection of from 18 to 70 mg of acetoacetic acid per 100 gm of body weight 

Table II 

Effect of Kelo Acid hijcclton on Glucose Tolerance 


The four animals in each group were fasted 10 hours The glucose was dissolved | 
in saline so that the amount injected would contain sodium equivalent to that in the 
acetoacetic acid solution (pH 7 3) 


Injection 

1 

1 Blood Sugar* 

Glucose 

Aceto- 

acetic 

acid 

Tasting 

i hr 

1 hr 

2 hrs 

3 hrs 

5 bn 

gm per 

h 

mg per 
100 gm 
rat 

mg 

mg 

mg 

mg 

i 

mg 

»1 

3 5 i 

0 

75=1= 4 

SIS ± 20 

226 rfc 27 

136 d= 

6 

127 ± 4 

109 ±7 

3 5 

18 

75 ± 10 

288 ± 10 

170 ± 21 

136 ± 

13 

128 ± 10 

103 ±5 

2 0 

0 

72 ± 2 

161 =b 17 

119 ± 4 

107 ± 

7 

103 ± 7 

88 ±4 

2 0 

36 

78 ± 3 

169 ± 12 

117 ± 6 

105 ± 

3 

106 ± 6 

94 ±7 






1 





* ± the standard error 


Table III 

Blood Sugai after Daily Injection of Keto Acid 
Control values on four animals were obtained after an 18 hour fast and then 1 hour 
after the subcutaneous injection of saline Acetoacetic acid nas injected daily for 
4 weeks and corresponding sugar determinations were made at the end of each week 
A 1 day test was made on ten animals w itli the keto acid and on ten with saline 


Food intake 

Change in 

Wks injected 

i 

i 

Blood sugar* 

per day 

eight 

injected 

Fasting 


gm 

per cent 


Mg per JOO gm 
rat 

mg per cent 

me percent 



0 

0 

76 ± 8 

80 db 7 

15 5 

4 4 

1 

18 

75 ± 2 

75 ± 3 

15 3 

0 8 

2 

36 

71 ± 3 

72 ± 2 

10 0 

0 0 

3 

72 

71 ± 0 

68 ± 3 

8 0 

2 1 

4 

144 

76 ± 1 

55 ± 3 

! 


0 

0 

76 ± 2 

75 ± 3 



0 

144 

80 =b 2 

58 ± 4 


* ± the standard error 


dining a 3 iveek peuod did not significantly change the blood sugar dunng 
fasting or 1 hour aftei injection Subcutaneous injection was used to pro- 
long the peiiod of absorption Aftei the injection of 144 mg of the keto 
acid each day during the 4th week, a definite hypoglycemia did develop 1 
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hour after the injection HoAsever, in another group of animals, a similar 
hypoglycemia occurred after onlj' one mjection of the latter amount of the 
keto acid This suggests that the quantity of the acid given nas responsi- 
ble for the lowered blood sugar and not the repeated daily injections This 
quantity appears to be between 70 and 140 mg per 100 gm when injected 
subcutaneously into the rat 


DISCUSSION 

The effect of the mtermediary fat degradation products, the ketone 
bodies, upon the secretmg pancreatic cells and upon the msuhn itself w ould 
appear to be of considerable importance m carbohydrate metabohsm if the 
views of Nath and Brahmachan are correct They presented evidence to 
show that the ketone bodies mactivated msulm, both tn vilro and m mvo, 
and suggested that the keto acids might first stimulate the pancreatic cells 
and later cause lesions after fatigue through excessive ivork 

It seemed possible that the hyperglycemic effect they obtamed after 
repeated injections might be due to the use of a herbivorous ammal, or to the 
short feedmg penod each day necessary for an 18 hour fast, smce a marked 
change in the intermediary carbohydrate metabohsm has been showm to 
occur after altered dietary habits (9) Also a limited mtake of carbo- 
hydrate might explain its decreased utihzation In our study neither the 
mjected keto acid nor the short feedmg penods can account for the resultmg 
hyperglycemia m the rat It occurred m the umnjected ammal after 
repeated daily sugar detenmnations, and normal values w'ere obtained on 
the 1st day after some time on the 3 hour feeding regime In contrast, 
qmte similar blood sugar values w'ere obtamed w'hen the determinations 
were made 1 week apart on the ammal mjected repeatedly (Table III) 

The failure of the acetoacetic acid to alter the glucose tolerance and the 
failure of its repeated injection over a 4 week interval to produce a hyper- 
glycemia do not appear to be compatible with an m vitro inactivation of 
endogenous insulin However, the hjrpoglycemia after mjection of veiy 
large amounts of the keto acid might be explained by a stimulation of the 
secreting pancreatic tissue Another interesting possibihty is that of a 
sugar-spanng action of the ketone bodies, associated wuth decreased glyco- 
genolysis and lowered blood sugar level, since it has been shown that the 
rate of utihzation of the ketone bodies is governed by their concentration 
m the blood (10) and that they are preferentially used m the presence of 
usable glucose (11) Also glycogen has been found to be stored m the heart 
m the presence of large amounts of admmistered ketone bodies * This 
study wall be continued 

• Lackey, R W , personal communication 
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SUMMARY 

A daily hj’perglycemia M'as •found in the rat when injected with aceto- 
acetic acid for 3 consecutive days The elevated blood sugar apparently 
Avas not caused by the ketone body, since the same results were obtained 
with sahne or with no mjections Also blood sugar, before and after the ad- 
mimstration of smaller amounts of the keto acid which had been given daily 
for 3 weeks, ivas normal if blood samples Avere taken only 1 day each Aveek 
The glucose tolerance Avas also unchanged by simultaneous injection of the 
ketone body HoAvever, the admimstration of a large amount of aceto- 
acetic acid (140 mg per 100 gm ) caused hypoglycemia even after a single 
injection 

Our data do not support the vieAV that msuhn is inactivated by the keto 
acid The hypoglycemia, after large amounts of the acetoacetate, is com- 
patible with a stimulation of the secreting pancreatic tissue, or a glucose- 
sparing action associated AVith a decreased glycogenolysis and hence a 
loAvered blood sugar level 
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DETERMINATION OF PLUTONIUM IN HUMAN FECES* 

Bt ELIZABETH MAXWELL, ROBERT FRYXELL, and 
WRIGHT H LAXGHAM 

(From the Los Alamos Scientific Laboratory of the University of California, 

Los Alamos, New Mexico) 

(Received for publication, September 24, 1947) 

The toxic effects of plutonium on the human body depend on a consider- 
able number of physical and biological factors One of the most important 
biological factors is the rate of elimination of plutonium from the body 
The ratio of fecal to urmary excretion of plutomum by the rat is of the 
order of 10 1 This is, mdeed, a favorable ratio Prehmmary information, 
however, mdicates that the excretion ratio for the human is much less 
favorable 

It IS imperative that the fecal excretion of plutomum by the human and 
the ratio of fecal to urmary output be carefully detenmned Information 
on these factors was extremely limited, partially because of the diflBculty 
of analyzmg human feces for extremely small amounts of plutomum 
This report presents a relatively accurate and consistent method of 
analyzmg human feces for trace amoimts of plutomum and some of the 
expenences of this laboratory durmg the process of developmg such a 
method 


Methods 

Collection of Sample — ^Fecal specimens, representmg from 1 to 4 days 
excretion, are pooled and completely emulsified m 2 m HCl by heatmg 
on a steam bath mth rapid stirrmg The v eight of HCl used is about 
twice that of the feces A smtable ahquot by weight is taken for analysis 
The size of the ahquot chosen depends both on the expected radioactivity 
and on the total weight of the sample In general, not more that 250 
gm of the emulsified sample should be used m any one analysis Two 
ahquots of each sample are analyzed 

Ashing and Solution of Sample — ^The ahquot taken for analj’^sis is trans- 
ferred to a large porcelam crucible and placed m an oven at 110° When 
completely dry, after about 24 hours, the sample is heated over a Bunsen 
burner until a dark gray ash remams When there is no further evidence 
of charrmg and ashmg over the flame, the sample is placed m a m uffl e 

• This paper is based on work performed under contract No W-7405 Eng-3G with 
the Manhattan Project at the Los Alamos Scientific Laboratory of the University of 
California 
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furnace at 800° foi 8 to 15 horns The lesultmg ash vanes in color fiom 
white to a reddish white 

Solution of the ash has pioved to be a rathei difficult problem, and several 
methods have been tned The following pioceduie, howevei, has pioved 
satisfactory About 60 ml of 4 m HCl aie added to the ci ucible containing 
the ash The sluiiy is heated undei an infia-ied lamp foi about 15 
minutes The partially dissolved sample is tiansfeiied to a 200 ml cen- 
tiifuge bottle and the insoluble poition is centiifuged The superna- 
tant IS tiansferied to another 200 ml centiifuge bottle The insoluble 
portion is washed once with 4 m HCl, the wash being added to the oiigmal 
solution, and is transfeiied to a platmum crucible About 10 ml of con- 
centiated HF aie added, and the sluiiy is taken to diyness undei an infra- 
led lamp The lesidue is taken up in about 5 ml of 4 n HCl The part 
still remaining undissolved is centiifuged and discaided Many unsuccess- 
ful attempts were made to find an easy method of dissolvmg the lesidue 
Howevei, good lecoveiies have been obtained on feces samples with known 
amounts of plutonium added at the fiist step of the ashing procedure and 
earned thiough the entire piocess, in which the insoluble residue is dis- 
caided It IS, theiefoie, thought unnecessary to attempt to dissolve the 
lesidue and to include it m the final solution 

Dctenmnalion of Plutonium in Solutions of Feces Ash — ^A numbei of 
methods foi determining plutonium in solutions of feces ash have been 
tiled These will not be desciibed in detail, since they have all pioved 
inf ei 101 to the method finally adopted 

The fiist method attempted consisted of hydio\ide piecipitation fol- 
lowed by cupfeiion extinction The chloioform phase fiom the extinction 
was wet-ashed to destioy the cupfeiion Finally LaFg precipitation was 
Gained out and the LaFa was tiansfeiied to a platinum plate and counted 
in an a-countei This method was entuely unsatisfactoiy 

Direct cupfeiion extinctions were earned out on aliquots of ash solu- 
tions of \aiious size About 75 pei cent lecovery could be obtained fiom 
small aliquots Hoivever, the size of the aliquot which could be toleiated 
seemed to vaiy fiom sample to sample and was too small to give adequate 
sensitivity 

It was found that calcium oxalate piecipitation earned leduced plu- 
tonium quite successfully The addition of calcium to the ash solution 
IS not recessai}’", as the natuial calcium content of feces ash is adequate 
A desciiption of the method which was finally selected follow^s 

The ash solution is adjusted to pH 0 4 to 0 7 wath methjd violet indicatoi 
1 ml of 3 M hydi oxylamme hj di ochloiide is added The solution is heated 
under an infra-ied lamp foi about 2 hours to facilitate the leduction of 
plutonium The pH is readjusted wnth the same indicator 25 ml of 
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0 8 m oxalic acid are added A drop of ammonium hydroxide is sometimes 
recessary to start the precipitation The solution is left standing over- 
night to msure complete carrjung of the plutonium The precipitate 
IS centnfuged and washed once with 01 m oxahc acid About 10 ml of 
fuming HNOs are added, and the solution is taken to dryness under an 
infra-red lamp The residue is dissolved m 25 ml of 2 m HCl and trans- 
ferred to a 125 ml sepal atoij'’ funnel 5 drops of 3 m hydioxylamine and 1 
mg of non are added The acidity of the solution is adjusted so that a 
bright gieen color is obtained nith meth 3 d violet mdicator After | hour, 
for reduction of the plutonium, about 1 ml of 6 per cent cupfeiTon solution is 
added Four or five extractions mth about 2 ml of chloroform for each 
extraction are earned out Moie extractions are necessary if all of the 


Table I 

Recovery of Known Amounts of Plulontum from Solutions of Artificial Feces* Ash by 
Calcium Oxalate-Cuffei ron Procedure 


Added 

Recovered 

Recovered 

counts per mtn 

counts per mtn 

per cent 

150 

145 

97 

150 

140 

93 

150 

125 

83 

150 

131 

87 

Mean 

90 


* A solution whose mineral composition was that which might be expected from 
a 50 gm fecal sample 


iron has not been removed from the aqueous phase The chloroform phases 
aie collected m a 40 ml Pyrex centrifuge cone The cone is placed m a 
watei bath and the chloroform evaporated 1 ml of concentrated HNO 3 
and 1 ml of 72 per cent HCIO4 are added to the reSidae The cone is then 
placed in an oil bath at about 100° The temperature of the oil bath is 
allowed to use to about 180° over a period of 1 hour At the end of this 
time about 1 ml of a cleai or straw-coloied HCIO4 solution remains This 
is diluted to 5 ml wnth distilled water 2 diops of 20 per cent hydroxyl- 
amine aie added and the solution allow'ed to stand J hour 200 7 of La+++ 
and 0 5 ml of 27 M HF are added The LaFj precipitate is centnfuged, 
transferred to a platmum plate, and counted in an a-counter for 1 hour 

ResuUs 

Recoverj’- bj-- the aboxe proceduie has been tested bj"^ adding known 
amounts of plutonium to both artificial and actual solutions of human 
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Table II 


Recovery of Knoum Amounts of Plutonium from Solutions* of Human Feces Ash by 
Calcium Oxalate-Cupferron Procedure 


Added 

Recovered 

Recovered 

eeunis per mtn 

coubIs Per mtn 

j per cent 

150 

127 

85 

150 

120 

80 

150 

117 

78 

150 

116 

77 

150 

119 

79 

150 

no 

73 

100 

82 

82 

100 

86 

86 

Mean 


80 

Maximum deviation from mean 

7 0 

Mean deviation from mean 

3 8 


* The plutonium was added to the sample after the ashing procedure 


Table III 


Feces Blank* Determtnaitons by Calcium Oxalate Procedure 


Counts pet mm t 

Deviation from mean 

Counts per mm t i 

Deviation from mean 

0 3 

0 63 

1 9 

0 97 

1 7 

0 77 

1 1 

0 17 

0 6 

0 33 

0 9 

0 03 

0 9 

0 03 

0 7 

0 23 

1 6 

0 67 

0 6 

0 33 

1 9 

0 43 

1 2 

0 27 

0 5 

0 43 

0 9 

0 03 

0 6 

0 33 

0 7 

0 23 

0 6 

0 43 

0 9 

! 0 03 

0 0 

0 93 

0 2 

0 73 

1 7 

0 77 

0 6 

0 43 

1 7 

0 77 



0 6 

0 43 



0 9 

0 03 



1 

Mean 

0 93 

0 42 


* Samples collected from persons having never been exposed to plutonium 
1 Counts per minute A counter background has been subtracted from each re- 
sult The counting time for each sample was 2 hours 


feces ash The results are piesented m Tables I and II When known 
amounts of plutomum weie added to a solution of the ash lesultmg from 
ashing a 50 gm feces sample, the mean recovery was 80 per cent The 
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maximum deviation li om tlie mean was 7 0 per cent and the mean deviation 
V as 3 8 pel cent 


Table IV 


Recovery of Known Amounts of Plutomwn from Samples of Human Feces by Calcium 

Oxalate Cupferron Procedwe 


Pu added 

Pu recovered* 

Reco\ eiy 

rounis per mtn 

counts per mtn 

per uni 

48 2 

38 5 

79 9 

48 2 

40 0 

83 0 

48 2 

41 0 

85 1 

48 2 

27 1 

56 2 

48 2 

31 0 

64 3 

48 2 

23 3 

48 3 

48 2 

36 9 

76 6 

48 2 

41 7 

86 6 

48 2 

37 9 

78 6 

48 2 

36 0 

74 7 

48 2 

25 1 

52 1 

48 2 

42 5 

88 2 

48 2 

42 3 

87 8 

48 2 

48 1 

99 8 

48 2 

43 3 

89 8 

48 2 

46 4 

96 3 

48 2 

42 4 

88 0 

48 2 

45 3 

94 0 

48 2 

48 1 

99 8 

48 2 

37 5 

77 8 

48 2 

41 7 

86 6 

96 8 

83 9 

86 7 

96 8 

64 4 

66 6 

96 8 

83 0 

85 7 

96 8 

68 2 

70 5 

96 8 

82 2 

84 9 

96 8 

77 1 

79 6 

194 

157 1 

81 0 

Mean 


80 3 

“ deviation from mean 

9 9 

Maximum de\uation from mean 

32 0 


* A counter background and a blank value of 0 93 count per minute ha\ e been 
subtracted from each result 


Feces samples vere collected from persons having never been exposed to 
plutonium Anahsis of these blank samples by the calcium oxalate- 
cupferron pioceduie ga\c a small positue \aluc even after correction foi 
the background of the a-counter The data arc gi\ en m Table III The 
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DETERMINATION OF PLUTONIUM IN FECES 


mean blank value was 0 93 count pei minute, and mean deviation from 
the mean 0 42 count pei minute Tlus positive value may lesult from one 
or all of tlnee factois (1) a-activity in the feces as a lesult of the presence 
of naturally occurring a-emitteis in the body and in the food consumed, 
(2) piesence of natuially occuiimg a-emitteis in the leagents, and (3) 
contamination of the sample during analysis 

The lesults given in Table IV iveie obtained when knoivn amounts of 
plutonium were added to aliquots of human feces samples before ashing 
They, theiefoie, lepiesent the ovei-all lecoveiy These data show a mean 
recovery of 80 3 pei cent The maximum deviation fiom the mean was 
32 0 per cent and the aveiage deviation was 9 9 pei cent 

SmttlARY 

A detailed description is given of a method for determining plutonium 
in human feces The essential featuies of the method aie as follows The 
dried sample is ashed in a muffle furnace and the ash dissolved m 4 m HCl 
The reduced plutonium is earned fiom an aliquot of the feces ash solution 
ivith calcium oxalate The calcium oxalate precipitate is digested ivith 
fuming HNOa and taken up in 4 m HCl Feme iron is added and the 
plutonium IS extracted into CHCls as the cupfeiiide The cupferride 
complex IS destioyed with HCIO4 The plutonium is carried noth LaFj, 
transfer! ed to a platinum plate, and counted m an a-countei Results noth 
solutions of both artificial and actual human feces ash show the recovery of 
plutonium by this method to be 80 pei cent 01 better, with a mean devi» 
ation from the mean of 9 9 per cent 



ON THE NATURE OF THE PHOSPHORUS-CONTAINING LIP- 

IDES OF CABBAGE LEA'\^ AND THEIR RELATION TO 
A PHOSPHOLIPIDE-SPLITTING ENZYME CONTAINED 
IN THESE LEA^rB3* 

Br DONALD J HANAHAN ai,d I L CHAIKOFF 
{From the Dimsion oj Physiology, University of California Medical School, Berkeley) 

(Received for publication, October 13, 1917) 

In 1927 Chibnall and Channon (1) isolated a phosphatidic acid from 
cabbage leaves Although in the present investigation a similar compound 
was obtamed from fresh cabbage leaves, it was found that when the cab- 
bage leaves were first subjected to steam treatment the phosphorus-con- 
taimng hpide isolated was not a phosphatidic acid but one high in mtrogen 
content These observations suggested to us that cabbage leaves, like the 
carrot (2, 3), contam an en 2 yme capable of sphttmg the phosphohpide 
molecule at its ester linkage between the mtrogenous base and the phos- 
phonc acid groupmg Such an enzyme has been identified m cabbage 
leaves, and some of its characteristics are descnbed here 

Isolation of Phosphorns-Conlaimng Lipides 

From Fresh Cabbage Leaves — The thick mid-nbs of cabbage leaves were 
separated and discarded The remamder of the leaves was then finely 
ground and 1000 gm of the ground matenal transferred to a roimd bottom 
flask A sufficient amount of a 3 1 alcohol-ether solution was added to 
provide 3 cc of solvent per gm of cabbage The mixture was then refluxed 
for 12 to 14 hours at 55-60° The solvent was decanted and filtered and 
the cabbage residue subjected to a second 14 hour extraction vuth the 3 1 
alcohol-ether solvent By means of reduced pressure (40 to 60 mm of Hg) 
and m the presence of an atmosphere of COj the combined extracts were 
concentrated at 55-60° to a volume of about 75 cc The concentrated 
matenal u as then reextracted several times with distilled petroleum ether 
(b p 30-60°) and the combmed petroleum ether extracts brought to a 
volume of about 10 cc , this being earned out under reduced pressure and 
in an atmosphere of CO 2 The petroleum ether ex-tract uas carefully 
washed twice with 0 1 N HCl and then dned over NaiSOi To the dried 

* The research which this paper reports was undertaken in cooperation with the 
Committee on Food Research of the Quartermaster Food and Container Institute for 
the Armed Forces The viens or conclusions contained in this report are those of the 
authors Thej are not to be construed as necessanlj reflecting the \ levs or indorse- 
ment of the War Department 
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PHOSPHOKUS LIPIDBS IN CABBAGB LEAVES 


e\tiact so obtained 2 to 3 volumes of acetone veic added, and tins was 
followed b 5 " the addition ot seveial diops of a satin ated solution of MgCb 
in absolute alcohol The piecipitate that foimed vas washed lepeatedly 
Mith acetone and then dissolved m a small volume of moist fieslily distilled 
ethyl ethei The piecipitation ivith acetone and MgCb and the waslung of 
the piecipitate wntli acetone weie lepeated The cabbage phosphohpide 
obtained was dissolved in moist ethyl ethei 
The flesh cabbage used heie had a phosphoius content of 0 20 pei cent 
of its diy weight, ovei 98 pei cent of nhich nas soluble in a 3 1 alcohol- 
ethei mixtuie Hydrolysis with 10 pei cent alkali of the cabbage lesidue 
obtained aftei tvo alcohol-ethei e\ti actions yielded a negligible amount of 
ethei -e\ti actable material The yield of phosphohpide fiom ficsh cabbage 

leaves was appioximately 0 3 pei cent 
Fiom Steam~Ti Gated Cabbage Leaves — Cabbage leaves iiom which the 
mid-iibs had been lemoved vcie placed on a wne tiay and exposed to 
steam foi 10 minutes The mateiial was then cooled, finely giound, and 
tiaiisfeiied to a lound bottom flask The mateiial was then e\ti acted 
exactly as desciibed above The yield of phosphohpide fiom steam- 
tieated cabbage leaves was appioximately 0 3 pci cent 
The cabbage lesidue ob tamed aftei two alcohol-ethei extinctions con- 
tained less than 2 pei cent of the phosphoius pieseiit in the fiesh cabbage 
leaves Alkaline hydiol 3 ’’sis of this lesidue yielded only a neghgible amount 
of “lipide” mateiial 

Fiom Dehydi ated Leaves — 2000 gm oi fiesh cabbage leaves fiom which 
the mid-iibs had been lemoved weie divided into two poitions One was 
steam-tieated foi 10 minutes, wheieas the othei poition was not exposed 
to steam Both poitions neie then dehydi ated at 60° foi 10 horns The 
final mateiial contained appioximatety 10 pei cent watei {Fresh leaves 
contain about 90 pei cent vatei ) The dehj'diated mateiial was mixed 
Mith enough distilled natei to laise its natei content to 20 pei cent, it was 
then finelj'’ giound and its phosphohpides exti acted as desciibed above 
The following methods iveie employed foi the anal 3 '’ses of the isolated 
phosphohpides Phosphoi us was determined by I^mg’s method (4), chohne 
bj'' Ghek’s method (5), and total mtiogen by the micio-Kjeldahl method 
The total gb^ceiophosphoiic acid content was measuied by Buimastei’s 
teclmique (0) The fatty acid content w as obtained bj'' alkaline h^'^di olysis 
of the phosphohpide mth 0 5 n alcoholic alkah, extinction ot the acidified 
hydiobsate with peti oleum ethei, and subsequent evapoiation and weigh- 
ing of the peti oleum ether exti act As a fui thei check, the peti oleum ethei 
icsidue was dissolved in boiling alcohol and its fatty acid content deter- 
mined with 0 020 N alkali Free fatty acids w^eie measuied by the Fan- 
baim technique (7) 
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Some Charade) isLics of Phosphorus-Contatning Lipidcb of Cabbage Leaves 

Appio\imately 90 pei cent of the peti oleum ethei -soluble phosphorus 
obtamed from leaves was piecipitated by acetone and MgCJ 2 The phos- 
phorus content of the phosphohpide so obtamed was not altered b 3 '' repeated 
precipitations from its ether solution Moi cover, the amount of mtrogen 
present in the acetone-soluble fractions was very low The isolated phos- 
phohpide was an amorphous, pasty substance which was soluble m petro- 
leum ethei , moist ethjd ethei , and chloi oform It was insoluble m acetone 
and onlj'’ shghtly soluble in absolute or 95 per cent alcohol The phos- 
phohpides obtamed from steam-treated cabbage leaves were leadily emul- 
sifiable by vater, those prepared fiom untreated cabbage leaves ivere not 


Tabiie I 


Composihon of Phospholtpides Obtained front Cabbage Leaves 


Constituent 

Batch X 

Batch 11 

No 

treatment 

Steam 

treated 

Dehydrated 
at 60 

Steam 

treated. 

then 

dehydrated 
at 60 

Fatty acids, % 

71 

57 

65 

55 

P,% 

2 65 

2 25 

2 55 

2 70 

N,% 

0 68 

1 42 

1 26 

1 65 

N P, molal ratio 

0 57 

1 38 

1 06 

1 30 

Choline, % 

0 

3 90 

1 30 

4 40 

Choline P, molal ratio 

0 

0 44 

0 13 

0 41 

Glycerophosphonc acid, % 

14 6 

12 4 

14 7 

14 4 


The composition of the various phosphohpides isolated fiom cabbage 
leaves is showm in Table I The phosphohpides isolated from raw and 
steam-treated cabbage leaves differed in then mtrogen content The ones 
obtamed from the lav matenal had a lower mtrogen content than those 
from the steam-tieated matenal In keepmg with our earher observations 
on the cairot, we assumed that the phosphohpide with a higher mtrogen 
content obtamed from sieam-bcated cabbage leaves w'as the native phos- 
phohpide and that the one with the lower nitrogen isolated from fresh leaves 
resulted from enzjnnic action that occurred dunng the grmdmg and extrac- 
tion of the cabbage leaves The existence of an enzjnne capable of sphttmg 
nitrogen from the phosphohpide molecule was theiefore sought 
Differences w ere also obseiwed between the fresh and steam-treated cab- 
bage lear^es and between the dehj'-drated and steam-treated dehydrated 
cabbage leaves m the fatty acid contents of their phosphohpides No ex- 
planation IS offered for these differences 
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PHOSPHORUS LIPIUES IN CABBAGE LEAVES 


Pliosphohpide-Spliihng Enzyme in Fresh Cabbage Leaves 

Preparation of Crude Enzyme Extract— -lOQ gm of fiesli cabbage leaves 
were ground and homogenized with 75 cc of distilled water in a Waring 
blendor and the mixture allowed to stand at 5° for 1 to 2 hours It was 
filtered through a Buchner funnel, the entiie filtrate was then centrifuged 
The supernatants oi enzyme extiacts used in tlie expeiiments described 
below were never older than 12 houis 
Measurement of Enzymic Activity of Crude Extracts — An ether solution 
containing 100 mg of soy bean phosphohpide was transferred to a 50 cc 
glass-stoppered volumetric flask and the solvent removed by evaporation 

Table II 

Specificity of Action of Crude Cabbage Extracts on Soy Bean Phosphohpide 


Substrate, 400 mg of soy bean phosphohpide in 0 05 m PO 4 buffer at pH 5 6 This 
phospholipide preparation contained 250 mg of fatty acid, 12 4 mg of P, 5 10 mg of 
N, and 16 0 mg of choline 


Constituent 

Ether soluble 

1 

1 

Per cent 
change 

I Original 

After incuba 
tioo for 21 brs 
at 25' 

P, mg 


11 8 

5 

N, mg 


3 33 

35 

Choline, mg 

16 0 

8 4 i 

47 

Glycerophosphate P, mg 

11 8 

11 7 i 

0 

Bound fatty acids,* mg 

250 

240 

4 

Choline P, molal ratio 

0 32 

0 18 


N P, molal ratio 

0 90 

0 62 



* Calculated as “oleic” acid 


at 55-60° The phosphohpide was then mixed with 2 5 cc of enzyme 
extract and 2 5 cc of a phosphate buffer at pH 5 6, and the mixture vigor- 
ously shaken 1 drop of chlorofoim was then added to the emulsified 
mixtuie as a preservative The mixture was incubated at 25° for 2 hours 
At the end of the incubation period, ethyl ether was added to the reaction 
mixture and the contents diluted to volume with ethyl ether and vigorously 
shaken About 45 minutes were allowed for complete extraction The 
ether-soluble and aqueous phases were then analyzed for nitrogen, choline, 
and phosphorus The loss of ether-soluble nitrogen is the mdex of enzyimc 
activity 

Spccifimiy of Action— The specificity of action of the cabbage enzyme is 
shown m Table II ‘ It is apparent that choline is liberated, but the choline 

1 The period of incubation shown in Table II is 21 hours For the determination 
of the pH curve and thermostability of the enzyme as described below the period of 
incubation adopted was 2 hours 
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split off the phospholipide molecule does not account for all of the nitrogen 
lost The chohne hberated from the phosphohpide molecules during the 
mcubation was found in a free form in the aqueous phase This mdicates 
that no degradation of the choline per se had occurred dunng cleavage of 
the phosphohpide molecules All of the mtrogen lost from the phospho- 
hpides was also found m the aqueous phase 

Table II show's that no glycerophosphonc acid was separated from the 
phosphohpide molecule Moreover, no mcrease m free fatty acids was 



Fig 1 Time activity curves for phospholipide-enzyme rmvtures in a 0 05 m 
phosphate buffer 

noted The loss of the mtrogenous base is apparently the only degradation 
suffered by the phosphohpide molecule through action of this enz 3 Tne 
Kineltc Studies Order of Reaction — ^Time-actmty studies for this 
enzjune system, both m buffered and in non-buffered solution, jnelded 
curves representative of a monomolecular reaction This is showm m Tig 
1, where log (a— x) is plotted against I, and where a represents the imtial 
concentration of mtrogen m the mtact phosphohpide molecule, x represents 
the loss of ether-soluble mtrogen from the phosphohpide, and t represents 
time 
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PHOSPHORUS LIPIDES IN CABBAGE LEAVES 


The values foi the leaction constant L, calculated fiom the equation 
1—2 3/t log a/{a—%), ueie found to be constant between 0 o and 2 houis 
at 25° {L X 10^ = 2 0), tlus indicates a fiist oidei icaction betuccn these 
two inteivals It is evident that the icaction pioceeds much fastei dunng 
the fust 0 5 houi than duiing latci inteivals, when, as ahcady noted, it 
follows a first oidei leaction Although a ncaily stiaight line plot of log 
(o— ^) agamst time was obtained foi incubation peiiods (at 25°) below 0 5 
houi, the values foi L were not constant This was unexpected, but it 
might be explained by a piefeiential splitting of one of the nitiogenous 



Fig 2 Enzyme activity at various pH levels The results of tw o expeiiments aie 
shown 

bases Tlus leaction is quite fast, as evidenced by the finding that the 
amount of etliei -soluble nitiogen cleaved in 2 houis wxis almost maximum 
(Fig 1) These lesults aie suipusing wdieii compaied to those obseived in 
I similai cnzjTue system identified lecently m fiesh caiiots (3), which 
lequired 21 houis loi maximum cleavage 
The cabbage enzyme system was moie active at 25° than at 37° m a 0 05 
jii phosphate-buffered solution at pH 5 6 The same i elation of tempeia- 
ture to activity was lepoited foi the similai enzjTne isolated foi the caiiot 
This could be due to the fact that the phosphohpidc emulsion is moie easilj^ 
broken at 37° than at 25° 

In view of the above consideiations a 2 horn incubation at 25° was 
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■adopted as the standard procedure for the pH and thermostabihty studies 
descnbed below 

pH Activity Curve — ^The pioceduie outhned above -nas followed Ml\- 
tures of \ arying proportions of 0 10 m K2HPO4 and 0 10 ji KH2PO4 
and varjung concentrations of H3PO4 were used to prepare solutions AVith 
the desired pH The phosphohpide-enzyme buffer emulsions were incu- 
bated at 25° foi 2 hours A plot of the actmty of this enzjune system at 
■vanous pH values is shonm in Fig 2 Optimum actmty vas observed at 



Fig 3 Thermostability curve The results oftivo experiments are shown 

a pH lange between 5 1 and 5 9 Little aetmtj' was found below pH 2 0 
or abo^ e 8 0 Decreasing the incubation to less than 2 hours did not altei 
the pH range for the plateau, although the amount of activity was, of 
course, less than at 2 hours 

A pH curve was also obtained with a 0 05 u acetate buffer Its charac- 
teiistics were identical with those obseiwed m the phosphate buffer 

Thci mostability — 10 cc aliquots of the crude enzjme c\tiact were heated 
at constant i olume foi 15 mmutes at tcmpeiatures ranging from 25-100° 
At the end of this tune the extracts were immediateh cooled to room tem- 
peiatuie and the actn itj measmed bj the procedure outlmed abo\ e The 
lesults of this expenment are shown in Fig 3, where actmtj is plotted 
against temperature 
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PHOSPHORUS UIPIDES IN CABRAGE LEAVES 


This enzyme system is qmte thermostable, it letamed 30 to 40 per cent 
of its activity despite having been subjected to a temperature of 100° for 
15 minutes 


DISCUSSION 

The presence of an enzyme capable of attacking the linkage between the 
mtrogenous base and the phosphoiic acid giouping of the phosphohpide 
molecule accounts for the obseiwed diffeience between fresh and steam- 
tieated cabbage leaves in the mtiogen contents of their phosphohpides 
The activity of such an enzyme might explain the isolation of a phos- 
pliatidic acid fiom fiesh cabbage leaves by Chibnall and Channon (1) 
The treatment to which they subjected the fiesh cabbage leaves before 
extraction of the phosphor us-con taming hpides, namely lepeated grinding 
and subsequent heating to 70°, is conducive to enz3mic action The heat 
stability of this enzyme lends further suppoit to this conclusion Thus 
the dehydration of the raw cabbage leaves at 60° (without previous steam 

treatment) for 10 hours resulted in only pai tial inactivation of the enzyme 
(Table I) 


SUMIARY 

characteristics and composition of the phosphorus-contaimng 
hpides from raw and steam-tieated cabbage leaves are desciibed 

2 The phosphorus-containing hpides isolated from raw and steam- 
treated cabbage leaves differed only m their mtiogen content, those iso- 
ated from raw cabbage leaves were characterized by a low nitrogen content 
an y an a sence or low content of choline, wdule those isolated from 

steam-treated cabbage leaves weie high m their nitrogen and chohne 
content 

3 A phosphohpide-sphttmg enzyme capable of attacking only the 
nitrogenous base-phosphonc acid linkage is showm to be present in fresh 
cabbage leaves Tins enzjme liad its mavmum activity in a pH range 
from 5 1 to 5 9 in a 0 05 m phosphate buffer It followed a first oi der reac- 
tion at 25 between 0 5 and 2 0 horns The enzyme was quite thermostable, 
retaining 30 to 40 per cent of its activity after being exposed to a tempera- 
ture of 100° for 15 minutes 
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CONCURRENT USE OF RADIOISOTOPES OF CALCIUM AND 
PHOSPHORUS IN THE STUDY OF THE METABOLISM OF 
CALCIFIED TISSUES* 

By "W D ARMSTBONG and CTmUS P BARNUIM 

{From the Deparlment of Physiological Chemistry, University of Minnesota, 

Minneapolis) 

(Received for publication, October 18, 1947) 

Important results have been obtained with tracer isotopes, particularly 
radiophosphorus, m the study of calcified tissues Tracer studies with 
calcium have, however, been limited by the scarcity of the only suitable 
radioisotope of calcium, namely Ca^* mth a half life of 180 days The 
radiocalcium employed m previous studies (1-4) and m the present mvesti- 
gation was prepared with difficulty by bombardment of calcium metal mth 
deuterons m a cyclotron (1, 2) At the present time it appears that msuffi- 
cient amounts of radiocalcium mil be available from neutron-induced 
nuclear transformations m the uranium pile for use m extensive studies 
mth mtact animals (5) Because of these circumstances it is unlikely that 
experiments such as that descnbed m this paper can be extended m the near 
future For this reason the work is now reported m its present state of 
progress 

Campbell and Greenberg (1) studied the distnbution of Ca“ m the 
tissues and excreta of a rat followmg the mtragastnc admmistration of the 
isotope as the lactate Their findmgs of a nearly equal specific retention of 
Ca^^ by bones and teeth (pooled mcisors and molars) on a dry v eight basis 
does not give the correct impression as to the relative rates of turnover of 
calcium by bone and dental hard tissues No distmction vas made 
between the continuously growmg mcisor teeth and the non-gronmg molars 
nor between the enamel and dentm Also, the Ca^® retentions Mere not 
recorded in relation to the calcium contents of the tissues Incidental to 
another study Greenberg (4) examined the molar and incisor teeth of rats 
but did not separate the enamel and dentin of either tjTie of teeth and agam 
reported the results on a dry weight basis The uptake of Ca“ by the 
femurs was greater than that of the molar teeth but w as less than that of 
the mcisors On a pnon grounds it would be expected that dental hard 
tissues would exchange calcium to a lesser degree than bone, a situation 
which has been demonstrated with respect to the exchange of phosphorus 
labeled with (6, 7) 

* Supported by grants from the Carnegie Corporation and the Graduate School of 
the Umversity of Minnesota 
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METABOLISM OF CALCIFIED TISSUES 


The expenraents lepoited in this papei ueie earned out in older to 
obtain data which would allo^^ a companson of the tin novel of calcium in 
the noimal calcified tissues and to compaie in the same subject the tumovei 
of calcium mth that of phosphoius To tins end both Ca’^ and P'*- iieie 
administeied to the animal and a chemical se}vaiation of calcium and 
phosphoius effected befoie the ladioactnity mcasuiements ucic made 


EXPEElMENTAL 

A solution containing Ca^^ and P®- uas piepaied by adding sufficient 
hydiochloiic acid to a suspension of calcium lactate and sodium phosphate 
to dissolve the solids 8 cc of the solution containing about 0 6 X 10’’ 
counts pel minute oi Ca'*® (122 3 mg of Ca)^ and neaily 9 X 10® counts 
pel minute of W- (G 7 mg of P) ueie administeied to a male lat ueighing 
238 gm The syiingc and stomach tube ueie u ashed and the Ca'*® and P®- 
contents of the u ashings taken into account in the calculation of the actual 
administeied doses of the ladioisotopes The animal uas fed a noimal diet 
and the mine and feces sepaiately collected foi 5 days, at the end of which 
peiiod the animal vas sacuficed and a blood sample obtained 
The contents of the intestine ueie added to the feces The animal vas 
skinned and the temius and teeth lemoved The lemaindei of the caicass 
(heieattei leteued to as caicass lesidue) was giouiul in a food choppei and, 
with added watei , coni^eited into a suspension in a Waiing blendoi Both 
epiph 5 ’'seal ends of the femuis ueie cut off and the maiiou lemoved fiom 
the diaphyses The maiiow, contained in a platinum dish, uas e\ti acted 
lepeatedly with a mixtuie oi alcohol and ethei in equal paits The 
epiph 3 ’'ses and diaphyses of the femuis ueie bioken into fiagments and 
extracted overaight in a So\hlet appaiatus mth an alcohol-ethei mixtuie 
The molai teeth ueie pooled as one sample and the incisoi teeth as anothei 
sample Aftei the teeth had been bioken into bits and fat exti acted, the 
enamel and dentin ueie sepaiated by the method of Manly and Hodge (8) 
The seium piotems, aftei piecipitation with tiichloioacetic acid, weie com- 
bined with miscellaneous ii actions such as the led blood cells, the lesiduc 
fiom the evapoiation of the solvents of the alcohol-ethei extinctions, the 
fractions of the teeth not pine enamel oi dentin, etc This mixtuie was 
tieated as a sepaiate sample labeled d^biis All samples, othei than the 
piotein-fiee seium, WTre diied and ashed at 500° to constant weight The 
ash of each sample w^as dissolved in hydiochloiic acid and diluted to a 
convenient volume From this point all samples w^eie tieated m a unifoim 
mannei 

An excess oi ammonium oxalate was added to an aliquot of the ash 

1 The large dose of calcium given the animal was necessitated by the low specifi® 
ctmty of the preparation of Ca<® 
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solution in a centnfuge tube and the resulting piecipitate centrifuged 
Ammonium hydroxide -nas added to the supernatant liquid until the pH 
nas about 4 (brom-cresol green) and the solution of the nenlj’’ foimed 
piecipitate centiifuged The pH of the supernatant liquid nas then care- 
fully adjusted to 5 and the tube allowed to stand overnight and again 
centrifuged The supernatant liquid and tno washmgs of the piecipitate 
veie tiansfeiied to a volumetric flask The contents of this flask, after 
bemg diluted to volume, vere used foi total phospboms ana^ses and foi 
P’2 measurements 

The precipitate of calcium oxalate contamed in the centrifuge tube vas 
dissolved in h 3 "drochlonc acid and leprecipitated bj' the addition of am- 
monium oxalate at pH 5 The supernatant liquid vas poured off,^ the 
precipitate agam dissolved, and the calcium piecipitated a thud time as 
the oxalate This piecipitate aa as dissoh ed m hj'di ochloric acid and made 
to a convenient \ olume foi subsequent detei minations of total and radio- 
calcium 2 

Phosphonis vas chemically deteimmed by the method of Fiske and 
Subbarow (9) adapted to the Eveljm photoelectric coloiimetei Radio- 
active phosphorus vas measured mth a dippmg Geiger-Muller countei 
tube (10) coupled to a Available scalmg imit Calcium was deternuned 
chemically by the method of Clark and Colhp (11) Radioactive calcium 
uas counted in precipitates of calcium oxalate vnth a modified Libby 
(12) screen-walled countei This countei tube was arranged so that a 
standard and a sample piepaied in the same manner could alternately be 
bi ought undei the sensitive region of the countei In this w aj' the activities 
of the standard and unknown were measured undei identical conditions of 
counter chaiacteristics The background was determmed, without 
opening the countei, b 3 ^ moving both samples away from the sensitive 
region of the countei 

Aliquots of the calcium solutions, after the determmation of total 

- The supernatant liquids from the second precipitation of calcium oxalate from all 
samples except serum were examined for P’ These liquids contained, on. an average, 
0 2 per cent of the P’’ present in the supernatant fluid and washings of the first pre- 
cipitation of calcium oxalate It thus appears that essentiallj all of the phosphorus 
in the samples was present in the solutions emploved for the analvses for total phos- 
phorus and P*’ 

= In an exqDenment in w hich a large amount of the P** w as added to a solution of non- 
radioactive calcium it was found that the calcium oxalate after three precipitations 
contained 0 0001 per cent of the original P’ It thus appears that the treatment 
described in the text effectivch separated the phosphorus from the calcium and 
assured that the obsened actmtj of the calcium oxalate precipitates w as not due to 
the contamination wath P^ This probabilitj is further increased bj the fact that 
the calcium was precipitated a fourth time (see the text) as the oxalate before the 
Ca^‘ was counted in the screen wall counter 
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calcium, were taken so as to contain 8 mg of calcium * Calcium oxalate 
was piecipitated and collected by gentle suction on filter paper over 
a imifoim aiea and washed with watci and vith acetone and ether After 
the ethei had evapoiated, the piecipitate and papci weie transfeired to 
the counting tube which was exliausted of an and left overnight in com- 
munication -with a container of phosphoinis pentoxide 

All radioactivity measurements weie collected foi the lesolvmg time 
losses and were calculated to a given date An effoi t was made to keep the 
statistical error of the radioactivity measuiements to less than 2 per cent 
of the observed counting late but this vas not feasible in the case of the 
measurements of Ca^® in serum, femur maiiow, molar dentin, and molar 
enamel because of the low activities observed The lepioducibihty of the 
teclmique of Ca^® determination is indicated by duplicate determinations 
of the activity of the calcium in feces, which agreed ivithm 2 8 per cent 
Duplicate Ca^'^ determmations in the uime agreed within 2 2 per cent 

RESULTS AND DISCUSSION 

Of the administered radioisotopes 91 2 per cent of the Ca^® and 95 1 per 
cent of the were recovered in the tissues and excreta of the animal 
The low'ei recoveiy of Ca^^ is possibly to be accounted for by the losses in 
the multiple precipitations of calcium oxalate Tire feces contained 64 5 
per cent of the administered Ca^® and 33 2 per cent of the P’* The urme 
contained 2 05 pei cent of the administeied Ca*® and 7 42 per cent of the 
P^® The laige fecal output of both of the radioisotopes is probably a 
result of the veij' large amount of calcium which had to be administered 
Campbell and Greenberg (1) w4io w'ere able to give much less calcium as the 
lactate, with a higher specific activity than that emplojed m this study, 
found only 10 8 per cent of the isotope in the feces of a rat 

The results obtained with the tissues and fractions of the body are 
showm in Table I Because of the unequal excretion of the isotopes and be- 
cause of then unequal recoveries these data aie not referred to the ad- 
ministered doses of the isotopes but are recorded as the actual recovered 
activities found in the several fi actions of the anmal and m the body as a 
wdiole In the columns headed “Relative specific activity” the specific 
activities {i e counts per minute pei mg of P“ or Ca^”) of the various frac- 
tions are compared with the average specific activities of these elements in 
the body 

The results presented show^ that the uptake and retention of both P^* and 

* In. certain cases such as serum calcium, bone marrow calcium, and standards it 
was necessary to add normal calcium to the solution to make the total 8 mg before 
precipitating the calcium o\alate for counting 
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by calcified tissues stand in the following decreasing order ' bone 
marrow, skeletal epiphjsis, skeletal diaphysis, incisor dentui, incisor 
enamel, molar dentm, and molar enamel The higher uptake of the 
radioisotopes by the fractions of incisor teeth than by those of molar teeth 
is due m large part to the fact that the mcisor teeth of the rat m contrast to 
the molar teeth are organs of continuous growth and eruption The tracer 
isotopes present m the molar teeth ivere acquned by exchange of normal 
isotopes of the elements for the labeled isotopes The mcisor enamel and 


Table I 


Radiophosphorus and Radtocalctum Contents of Fractions of Rat Carcass 


Fraction 

Phosphorus 

Calcium 

Ratio of 

1 uptake 
ana reten* 

1 tion of P*» 

1 to Ca«t 

Total P in 
fraction 

Specific 

actiMty 

of 

Relative 

specific 

activity 

Total Ca 
in 

fraction 

Specific 
' activity 
ofCa«* 

Relative 

sp“cific 

activity 


frtg 


per cent 

mi 

1 

* per ceni 


Skin and hair 

37 0 

6245 3 

168 

5 9 

100 1 

163 

1 03 

Carcass residue 

1090 8 

3763 1 

101 

2030 3 

63 5 

103 

0 98 

Serum 

0 05 

3494 3 

94 

0 14 

84 2 

137 

0 68 

Femur marrow 

0 56 

5325 0 

143 

1 0 60 

55 7 

1 91 

1 57 

" epiphyses 

16 3 

2927 7 

SO 

38 9 

56 7 

92 

0 86 

“ diaphysea 

56 8 

2785 2 

75 

150 9 

50 6 

82 

0 91 

Incisor dentin 

18 4 

1940 9 

52 

37 9 

33 8 

55 

0 94 

" enamel 

3 3 

992 4 

27 

9 8 

16 4 

27 

1 00 

Molar dentin 

5 3 

536 0 

14 

13 2 

7 2 

12 

1 16 

“ enamel 

4 3 

100 2 

2 7 

11 0 

0 75 

1 2 

2 25 

Ddbris 

12 9 

2907 1 

78 

1 

17 8 

74 6 

116 

0 67 

Total body 



100 

2316 4 

61 4 

100 

1 00 


* Counts per minute per mg of P 
t Eatios of relative specific activities of P” and Ca^' 


dentm acqiured the tracer elements by the same process of exchange and 
also by deposition of neiily formed mmeral phase from a medium containmg 
the radioelements 

The figures given in the last column of Table I are not a measure of the 
absolute relationship of and Ca*^ uptake Knowledge as to the number 
of phosphorus atoms turned over m relation to the number of calcium 
atoms turned over cannot be obtained from this experiment because there 
IS no nay of knoinng the manner in nhich the specific activity of the plasma 
morganic phosphate and ionized calcium v aned vnth respect to one another 
These calculated results do afford a companson of the relative uptake of 


* Except for Ca“ uptake in marrow and epiphysis which was nearly identical 
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W and by tlie tissues studied m relation to the nvcinge distiibution of 
tbe isotopes thiougbout the body Since the apatite inmcial phase is 
essentially the same in all calcified tissues (13, 14), the difference in rates 
of exchange of calcium and phosphoius is piobabb'' due to phj’-siological oi 
stiuctmal factois which pioduce diffeiences in latcs of migration of calcium 
and phosphate ions into the vaiious calcified tissues A suggestion that 
such factois opeiated is seen iiom the fact that the i dative uptake of 
to Ca^^ by the calcified tissues stands m an inveise idationslup to the oidei 
of the uptake of the ladioelements 

summahy 

Methods have been presented foi tbe separation of ladiocalcium and 
radiophosphorus m tissues which allow the concinient use of these isotopes 
The uptake and letention of both ladiocalciimi and i adiophosphoi us by 
calcified tissues stand m the foUomng deci easing older femiii man on, 
femiu epiphysis, femui diaph} sis, incisoi tooth dentin, incisoi tooth enamel, 
molai tooth dentin, and molai tooth enamel Endence has been presented 
that undei conditions m mvo calcified tissues do not all exchange calcium 
and phosphoius in the same propoition 

We vnsh to express oui thanks to Di D M Gieenbeig who geneiously 
shared his supply of ladiocalcium wth us and to Di BO LawTence who 
donated the i adiophosphoi us used in this study 
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Recent investigations have shoivn that sodium capiylate and related com- 
pounds have great mfluence upon thermal stabiht 3 ’^ (1~3), electrophoretic 
mobilitj’- (4), late of papam digestion (5), and urea denaturation (6-8) of 
bovme and human serum albumm The combmation of certam orgamc 
anions mth native bonne albumm has recently been mvestigated bj’’ the 
equilibrium dialysis techmque by Klotz et al (9) and Teresi and Luck ^ 

The present mvestigation is an extension of the work of Boyei ei al (7) 
on urea denaturation A number of compounds of related structure have 
been exammed for abihty to prevent the viscosity nse which occurs when 
a mixture of albumin and 6 m urea is allowed to stand at room temperature 

EXPERIMENTAL 

Amorphous and ciystallme bovme serum albumm were emplo 3 ''ed m most 
of the experiments These albumm preparations were obtamed from the 
Armoui Laboratones through the courtes 3 ’' of Dr J D Porsche Manj’' of 
the compounds were prenousls”^ used m the cloud pomt studies (3) Com- 
pounds M eie Eastman highest punty or the equivalent The hexj^hnalomc 
acid M as synthesized by Di Mark Neuhof accordmg to the method of Dox 
(10) Its meltmg pomt and equivalent ii eight ii ere 104° and 95 4 respec- 
tu elj’’ All compounds ii ere used as their sodium salts 

The Ostiiald tjpe viscosimeters used \iere permanentl}’- clamped on a 
brass suppoit iihich fitted m vertical position m an aquarium type water 
bath Unusual precautions iieie obsened to keep the nscosunetere clean 
and all solutions free of particulate mattei Mtei use, the mscosimeters 
weie immediately cleaned mth Nacconol N R S F or Dreft solution, 
followed bi thoiough rinsing with dilute acetic acid and with water The 
bank of viscosimeters was then inrerted and a stream of diy air directed 
through them An mfra-red lamp mcreased the speed of drjing The 
Mscosimeters used had watei flow’ times of 60 to 90 seconds at 30°, with 

‘Present address, Division of Biochemistry, Umversity of Califonua Medical 
School, Berkeley 

• Teresi, J D , and Luck, J M , unpublished 
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capillary lengths of 10 cm and diameters of approximately 0 5 ram With 
5 ml samples, the heads of piessure were 12 to 16 cm of water 
The bovine albumin was piepared m a concentiatcd stock solution by 
long staring with distilled water, followed by the slow addition of 1 n 
NaOH until all the albumin had dissolved and the pH of the 20 per cent 
solution was 7 5 to 7 7 Later it was found that the vacuum leconstitution 
of albumin was moie convenient, yielding 20 per cent solutions in distilled 
water, which then were adjusted to the pH values indicated This method 
consists of pumping the an fi om the container of the diy albumin and water 
with a vacuum pump, then mixing the powdei and water just befoie release 
of the vacuum If a few clumps of albumin lemam, they may be broken 
up by application of a vacuum for an instant, although some foaming occurs 
at this time The remaining albumm quickly dissolves if the solution is 
now stiired Solutions of ciystallme bovine albumin piepared in this nay 
are clear even before addition of base This method of stock solution 
preparation was used for the woik with crystalline albumin and for the 
stock solutions used in the mtiinsic viscosity deteiminations 
After pH adjustment, the stock solutions iveie filtered under pressure 
and diluted to 20 0 pei cent by weight^ on the basis of dry weight deter- 
minations The drying was earned out at 105° for 24 hours Fresh al- 
bumin solutions were prepared eveiy 10 days and stored m the cold room 
Mixtures of 9 m uiea, phosphate buffer of pH 7 5, sodium chloiide, water, 
and the substance under investigation were prepared After mixmg, the 
desired volume of stock albumin was added to each solution Final solu- 
tions were stiiied magnetically and set aside for 24 houis at loom tempera- 
ture 6 ml samples of each solution were measured into diy viscosimeters 
in a water bath at 30 0° 15 minutes later the flow times were measured 

to the nearest 0 1 second Except in specific instances the sodium chloiide 
concentration was kept at 0 01 m The usual ionic strength (r/2) due to 
phosphate buffer and sodium chloride was 0 08 

EESULTS AND DISCUSSION 

The results obtained with a senes of aromatic carboxylates are given in 
Fig 1 Since the experiments with amorphous albumm seiwed to indicate 
the compounds of special interest for latei studies with crystalline albumin, 
the curves are drawn through points uncorrected for the inci eased viscosity 
of the medium due to the indicated oiganic salts m the absence of protein 
The curves wnuld each be lowered about 1 per cent at 0 02 m and 7 per cent 
at 0 06 M if these coriections were applied 

Benzoate and acetyltryptophan raise the viscosity of the S 3 ’'stem above 

’ The concentration of albumm in the various experiments is given m per cent, 
which in this instance means gm per 100 ml of solution 
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the controP at all concentrations above 0 02 m The introduction of nitro 
or hydroxyl groups into the benzene ring leads to compounds inth ability 
to keep the viscosity of the s^’^stem below that of the control ® For com- 
parison, the portion of the caprylate curve m this viscosity range is included 
It should be mentioned that benzoate and the salicylates have been used 
m experiments ivith crystalhne bovine albumin (see Fig 4) In the latter 
experiments, benzoate is as active as phenyl acetate in preventmg the rise 



Fig 1 The influence of various aromatic anions upon the urea denaturation of 
bovine serum albumin All solutions contained 6 ii urea, 0 01 m NaCl, and 2 1 per 
cent bovine serum albumin The viscosity values are relative to 6 m urea containing 
salt and buffer Curve I, sodium caprylate (given for comparison) , Curve II, sodium 
acetyl salicylate, Curve 111, sodium salicylate, Curve IV, sodium 3,5 dinitrobenzo- 
ate. Curve V, sodium m-mtrobenzoate. Curve VI, sodium benzoate, Curve VII, 
sodium acetyltryptophan 

of Viscosity No explanation is offered for this divergence, except that the 
crj'^stallme albumin contains less contammating globulm 

The results for a senes of sulfonates are m eluded m Fig 2 These data 
are also from experiments with amorphous albumm and the pomts have 
not been corrected for the viscosity rise vuth increasing concentration of 
organic salt m the organic salt-urea system Sodium benzenesulfonate and 

• The control solution is the mixture of albumin, 0 01 m NaCl, 0 01 m phosphate 
buffer, and 6 m urea, but free of added organic salt Such solutions yield relative 
viscosity values which are plotted upon the relative viscosity axis in the vanoua 
figures 
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disodium sulfosalicylate aie seen to lai&e the viscosity of the system 
markedly Valeiyl sulfonate and sulfanilate have little oi no effect 4- 
Chloiobenzenesulfonate and 2,5-dichloiobenzenesulfonatc have inci easing 
ability to keep the viscosity of the s 5 '’stcm below that of the conti ol ’ Sev- 
eral of these substances have also been studied with ciystallme albumin 
Fig 3 piesents the mscositj'' data foi acetate, chloiidc, and the chloio- 
acetates Each viscosit}’- value is calculated with icfeience to the piotein- 
free system as the standaid The chloi oacetates aie able to keep the 



CONCENTRATION OF COMPOUND 

Fig 2 The influence of various sulfonates upon the urea denaturation of bovine 
serum albumin All solutions contained 6 m urea, 0 01 m NaCl, and 2 1 per cent 
bovine serum albumin The viscosity values are relative to 6 m urea containing the 
salt and buffer Curve I, sodium 2,5-dichlorobenzenesulfonate, Curve II, sodium 
p-chlorobenzenesulfonate, Curve III, sodium valeryl sulfonate, Curve IV, sodium 
sulfanilate. Curve V, disodium sulfosalicylate, Curve VI, sodium benzenesulfonate 

Viscosity of the systems containing ciystallme bovine albumm belov that 
of the contiol® At concentiations above 0 05 m, tiichloioacetate keeps 
the viscosity of the S 3 ’'stem below 1 20 The lelative viscositj'" at 0 11 M 
trichloi oacetate appioaches 1 10, the value estimated to lepiesent the 
S 5 ’stem, native albumin-6 m uiea Monochloi oacetate and dichloi oacetate 
are seen to be less effective m keeping the viscositj’" at low rmlues 

The corrected viscosity data foi benzoate and vaiious i elated compounds 
aie presented m Fig 4 The S 3 ’'stem is identical with that of the expeii- 
ments lecoided m Fig 3 It is apparent that benzoate and phenjd acetate 
have much the same effect, while phenjd butjoate is as effective as capiyl- 
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ate The modified benzoates, sahcylate and acetyl salicylate, have greater 
effects than benzoate at any chosen concentration The benzoate deriva- 
tives and phenyl acetate require concentiations of 0 08 m oi greater to keep 
the viscosity of the system below 1 20 Cinnamate (phenyl acrylate) is 
seen to have stabihzmg pioperties mtermediate between those of phenyl 
acetate and phenyl butyiate The compound, hexjd malonate, which 
possesses a structure related to caprylate, except that two carboxyl groups 



Fig 3 The influence of anions of related structure upon the urea denaturation of 
bovine serum albumin All solutions contained 6 v urea, 0 01 ic NaCl, and 2 1 per 
cent crystalline albumin The viscosity values are relative to solutions contaimng 
all components except protein Curve I, sodium tnchloroacetate, Curve II, sodium 
dichloroacetate, Curve III, sodium monochloroacetate. Curve W, sodium chloride. 
Curve V, sodium acetate 

aie piesent at one end of the molecule, is seen to be almost as effective as 
capiylate This compound is an exception to the obseivation that divalent 
amons do not stabilize 

Fig 5 piesents the viscosity relationships foi the mteractions between 
albumin ind sodium dodecjd sulfate (SDS) in the presence and absence of 
G M iiiea Foi purposes of companson all the conected relatn e nscositics 
weic iccalciilated with respect to distilled water as a standard WTien 
iiecessarj' (6 u urea solutions), a constant densitx correction was applied 
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Thus density changes due to the inclusion of the albumin or to the mcreas- 
ing SDS concentration were neglected 
The original expeiiments were earned out to dcteimine the effect of a 
kno^vn denaturant upon the viscosity of the albumm-uiea system For- 
tunately concentrations of dodecyl sulfate Aveie chosen which indicated the 
mmimum in the bovine albumin curve (see Curves IVa and IVb, Fig 5) 
Curves II and IVa are analogous in that both represent viscosity changes 
for amoiphous bovine albumin Curve II indicates the changes which 



Fiq 4 The effect of various aromatic atviona upon the urea denaturation of bovine 
serum albumin All solutions contained 6 m urea, 0 01 m NaCl, and 2 05 per cent 
crystalline albumin The viscosity values are relative to solutions containing all 
components except protein Curve I, sodium phenyl butyrate, Curve II, sodium 
caprylate (for comparison) , Curve III, disodium hexyl malonate. Curve IV, sodium 
cinnamato, Curve V, sodium acetyl salicylate, Curve VI, sodium salicylate, Curve 
VII, sodium phenyl acetate, Curve VIII, sodium benzoate 

occur with an inci easing concentration of dodecyl sulfate when no urea is 
present Curve IVa piesents the data for the 6 m urea system It is 
interesting that the viscosity of the aqueous system (Curve II) did not 
begin to increase at dodecyl sulfate concentrations at which the protection 
against urea denaturation is evident The minimum for Curves IVa to 
IVc IS evidenced at a dodecyl sulfate concentiation corresponding to a 
mole ratio of 8 or 9 moles per mole of albumin After that concentration 
IS exceeded, the viscosity of the system rises steeply to pomts much higher 
than the control (no SDS) The curve for amorphous human albumm is 
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remarkably similar to that of the bovine, except that the control begms at 
a lower relative viscosity (1 9 rather than 2 3) Thus each of the curves has 
a mmimum nscosity at 0 0025 M SDS and a characteristic pomt where the 
viscosity IS identical with that of the solution lacking SDS The human 



Fig 5 The effect of sodium dodecyl sulfate (SDS) upon the urea denaturatiou of 
human and bovine serum albumin Curve I, SDS in water. Curve II, SDS in 2 I 
per cent bovine albumin solution (amorphous preparation). Curve III, SDS in 6 m 
urea solution, Curve IVa, SDS in 6 m urea contaimng 2 1 per cent amorphous bovine 
albumin. Curve IVb, SDS in 6 at urea containing 2 1 per cent crystalline bovine 
albumin, Curve IVc, SDS in 0 ar urea containing 2 1 per cent amorphous human 
albumin All relative viscosity values of Curve II were calculated with respect to 
water contaimng the same concentration of SDS The viscosity values of Curves 
IVa, IVb, and IVc are corrected for the viscosity increment due to the SDS present 
The viscosity values plotted for Curves III and IV w ere corrected for the increased 
density of the 6 at urea solution 

albumm sj^sfcem reaches this pomt at 0 011 m SDS (mole ratio = 39 1), 
while the cun^e for ci^^stallme bo\Tne albumm reaches this pomt at 0 020 
M SDS (mole ratio = 69 1) 

Neurath and Putnam (11, 12) found that equme albumm formed seteral 
discrete complexes with dodecyl sulfate at pH G 7 The first complex, at 
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a mole latio of 55 1, exliibited an intrinsic viscosity identical vnth that of 
the native albumin A second complex of inci cased intrinsic viscosity vas 
evident when the mole latio of detergent to albumin was mci cased to 110 1 
These woikeis assumed, because of the lack of piecipitability of the baiium 
salt of dodecjd sulfate, that the deteigent was completely bound until the 
mole latio of 110 1 was exceeded Similai complex foimation between egg 
albumin and alkjd sulfonates oi sulfates has been investigated by Lundgren 
and cowoikeis (13-15), using seveial expeiimental techniques The data 



Fig 6 The comparative etfecte of several “stabilizing” anions upon the urea de- 
naturation of bovine serum albumin All solutions contained 6 m urea, 0 01 M NaCl, 
and 2 1 per cent crystalline bovine albumin The viscosity values are relative to the 
6 m urea containing the salt and buffer Curve I, sodium 2,4-dichlorophenolate, 
caprylate, Curve III, sodium picrate, Curve IV, sodium dodecyl 
sulfate, Curve V, sodium trichloroacetate 


in Fig 5 would seem to indicate that less than 9 moles of SDS aie bound by 
each molecule of human oi bovine albumin to foim a complex which is 
stable towaid the denatuiing action of uiea 

Fig 6 piesents compaiative data foi the compounds most effective in 
pi eventing the viscosity use in the albumin-uiea system The cuives foi 
sodium piciate and sodium dichlorophenolate have not appealed in the 
pietuous figuies It is well to considei piciate moie fully, since compaia- 
tive data weie obtained in the amoiphous bovine albumin-uiea sj’^stem foi 
seteial lelated compounds Piciate was found to be the most effective 
nitrophenolate, the othei compounds givmg curves similai to those of 
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salicylate oi benzoate The compounds investigated vere those having 
a nitio gioiip m the 2, 3, oi 4 position, oi m the 2 and 4 positiotis The 
2,4-dinitiophenolate nas the most effective of these compounds Diso- 
dium flavianate, iihich has sulfonate and nitrophenolate gioupings, was 
almost Mithout effect on the viscosity of the system up to 0 02 m The Ion 
solubility of these compounds makes it difficult to reach high latios of com- 
pound to albumin, at least nhen the albumin is mamtamed at 2 pei cent 
concentration Anothei complicating factor is that of the variance m pK 
values for these compounds The pK values foi these nitiophenolates 
varj' from 8 3 foi the meta (3-) compound to less than 1 for picrate Sta- 
bihzation is not simplj a function of pK (z e , of the actual anion concen- 
tration), smce 2,6-dichlorophenolate (pK 6 8) is a stabihzei, nhile 2- 
nitrophenolate (pK 7 1) or 2,4-dmitrophenolate (pK 4 1) is not effectiie 
m equivalent concentrations There is an mciease in the apparent pH of 
the urea-albumm solutions as mcreasing amounts of such salts of weak acids 
are mtroduced, smce the ionic concentration of dihydrogen phosphate 
IS of the order of 0 005 m, but at 0 01 ai concentration of dichloiophenolate, 
for example, the pH mcrease v ould not account foi the prevention of aus- 
cosity nse 

The cuiv’es m Fig 6 show similar behavior m approachmg » 7 s = 1 1 as a 
hmitmg value, except the curve for dodecjd sulfate which reverses direction 
aboA’’e 0 05 m concentration The compounds may be compared accordmg 
to the concentration needed to mamtam the Auscosity of the albumm-urea 
system belon 1 15 or 1 20 Dodecyl sulfate is seen to require the low est 
concentration ratio (moles per mole), followed by the other compounds as 
listed m Table I Sodium laurate, mth a cham length close to that of 
dodecyl sulfate, follows the phenyl butjTate cuiwe up to 0 04 ai concentra- 
tion, after nhich its curve rises steepty Above 0 04 ai concentration, such 
solutions shon increasmg opalescence, and so the viscosity data above that 
concentration are uncertam 

A number of other compounds liaAm been mvestigated for their ability 
to prevent the normal Aoscositv rise in urea-albumin solutions Polymer- 
ized metaphosphate (Calgon), oxalate, adipate, phthalate, and sulfosahcjd- 
ate increase the Aiscosity of the SA'stem aboA'^e that of the control (urea- 
albumm solution vathout added organic salt) The i ise m relatwe a iscositj’’ 
at a particular concentration of organic salt is greater than that expected 
from the Auscosity mcrements shown by the organic salt m protein-free 
urea solutions ButjTate and Amleryl sulfonate ehange the Auscositj of the 
sA'stem mappreciablj Phenoxvacetate and hippurate had httle or no effect 
upon the AuscositA' of the sjstem, contrarj to nliat one might expect if it 
A\ eie assumed that a certam chain length f ollomng a carboxj 1 group u as all 
that A\ as required to prex^ent the a iscositj nse of the albumm-urea solution 
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The introduction of sodium chloride, sufficient to increase the concentra- 
tion to 0 21 M rather than 0 01 m, leads to a higher lelative viscosity in the 
control solution (1 84 compared to 1 59) but does not modify the location 
or shape of the curves for caprylate or tnchloroacetate 


Table I 

Comparison of Compounds for Ability to Prevent Viscosity Increases Due to Urea 

Dcnaturation 


Compound 

Mole ratio* 

of compound albumin at 

Cloud point 
temperature 
(mole ratio, 7 1) 

jjjj •= 1 20 

Dn ° ns 

- 1 12 





•c 

Sodium dodecyl sulfate 

4 

6 

7 

72 5t 75 7t 

“ caprylate 

23 

34 

51 

70t 73t 

“ 2,4-dichlorophenoIate 

27 

32 

35-60 


“ picrate 

27 

41 

60 


“ phenyl butyrate 

34 

53 

85 

69t 

Disodium hexyl malonate 

109 

157 


66§ 

Sodium cinnamate 

127 




“ tnchloroacetate 

162 

232 

323 

67t 71$ 

“ salicylate 

224 

680 



“ acetyl salicylate 

249 

324 



“ phenyl acetate 

440 



67t 

“ dichloroacetate 




69 2$ 

“ monochloroacetate 




68$ 

“ acetate 




64 5t 


* The value for molar concentration of albumin vas calculated from the known 
concentration of crystalline bovine albumin and the molecular weight of 70,000 
The molar concentration of a compound at the indicated tir values was obtained by 
interpolation of the corrected viscosity-concentration curve 

t 25 per cent crystalline human albumin containing 0 15 m NaCl The cloud point 
of the albumin-salt mixture (lacking organic salt) was 64° 

1 15 per cent crystalline bovine albumin containing 0 15 m NaCl The cloud point 
of the albumin-salt mixture (lacking organic salt) w as 67 5° 

§ 15 per cent human albumin containing 0 15 m NaCl The cloud point of the 
albumin-NaCl mixture w as 65° 


Intrinsic Viscosity Determinations — ^The slope of the curves of relative 
viscosity versus albumin concentration for low concentrations of protein 
IS of more significance than the relative or absolute viscosities of a Constant 
albumin, variable “stabilizer” concentration system However, the cuiwes 
given m the previous figures are necessary preliminaries to determine the 
compounds and concentrations for fmther investigation The experi- 
mental work and treatment of the data obtained follow the treatment given 
by Neurath and Putnam (12) These workei-s determined curves for rela- 
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tive viscosity versus total solute concentration for several nuxtures of do- 
decyl sulfate and equine albumin in aqueous buffer solutions 

The estimation of mtrmsic viscosity values required the determmation 
of relative viscosities at several albumm concentrations, a constant mole 
ratio of organic salt to albumin bemg mamtamed m each senes The pro- 
cedure consisted of mmng the stock albumm solution and sodium dodecyl 
sulfate solution m desired proportions This mixture was then added to 
the urea-buffer-salt mixture to attain the desired concentrations of urea and 
sodium chloride, together with a known concentration of albumm The 
mole ratio of SDS to albumm remamed constant, although the actual con- 
centration of both dimimshed together 
Fig 7 presents several curves which yield mtrmsic viscosity values as the 
intercept on the ordmate axis The termmology and s 3 Tnbols are analogous 
to those used by Neurath and Putnam The relative viscosity values, for 
the solutions contammg 0 01 m sodium chloride, were calculated with 
respect to the urea-buffer-salt solvent, the volume occupied by the SDS 
and the viscosity mcrement due to the small amount of SDS present bemg 
ignored The highest concentration of SDS m the solutions which provide 
the data for Fig 7 was 0 004 m for the case of 1 6 per cent albumm with a 
mole ratio of SDS-albumm of 18 1 Corrections for the viscosity contribu- 
tion of the “stabihzer” and the concentration employed would be necessary 
before calculation of the ij,p values (where ij.p — ijr — 1), for the cases m 
which high mole ratios of stabilizer to albumm are employed 

Fig 7 indicates that the dodecyl sulfate mamtams the i],p C ratio at 
lower values than those observed m the absence of stabilizer at all concen- 
trations of albumm used The weight intrinsic viscosities obtamed from 
extrapolation of the curves of Fig 7 to the ordmate axis are 13 5, 4 8, and 
8 2 for the albumm m the absence of stabilizer, for alburmn contammg 
SDS m a mole ratio of 18 1, and for albumm contammg SDS m a mole 
ratio of 9 1, respectively 

The results previously presented, as well as those of Boyer el al (7), 
indicate that stabilization agamst urea denaturation is a property of onlj'' 
a few of the many compounds examined For the purposes of this discus- 
sion, stabihzation is defined as follows the abihty of a compoimd to prevent 
the normal rise m viscosity which occurs when an albumm solution that 
contains urea is allowed to stand Specifically, the stabilizers among the 
compounds examined by the present technique are those substances w'hich 
mamtam the relative viscosit 3 ’' of a 2 per cent albumm-6 m urea solution at 
1 10 to 1 20 for a period of 24 hours Thus, the definition limits this dis- 
cussion to the first eight or ten compounds listed m Table I 

The comparative efificacy of stabilizers w ould then be determmed by the 
mole ratio necessary to keep the viscosity of the albumm-urea system at 
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its lowest value Thus, dodecyl sulfate is the most effective stabilizer 
listed Tiichloioacetate may be consideied to be a stabilizei , but the othei 
chloioacetates aie mefiective 

A chain length of 7 oi moic carbon atoms seems ncccssaiw m ovdei to 
give a fatty acid salt the piopeity of stabilization The chain length 
necessaiy foi allo,d sulfates has not been detei mined Phenyl butyrate 



CCgms alb/ioomls) 

Fig 7 The effect of constant ratios of dodecyl sulfate to albumin upon the slope 
of the relative viscosity vcisns albumin concentration All solutions contained 6 M 
urea and 0 01 m phosphate buffer (pH 7 5) O corresponds to solutions contaimng 
0 21 M NaCl, X data from solutions containing 0 01 m NaCl The molar ratios of 
SDS-albumin are indicated on the graph 

and cinnamate aie moie effectu e than phenyl acetate, indicatmg that more 
than 1 caibon atom is necessaiy in the aliphatic poition of the anion The 
leason foi the ineffectiveness of phenoxyacetate oi hippuiate as stabilizers 
IS not leadily apparent, since they possess the chain length necessarj'- One 
tentative explanation is that then aliphatic chain portions aie moie polai 
in cliaiactei, and so then ability to stabilize and to combine vuth albumin 
would be comparable to that of benzoate lathei than to phenyl butyiate 
The abihty of picrate, dichloiophenolate, and tnchloroacetate to stabilize 
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cannot be explained on the assumption that a non-polai cham is lequued 
in the molecule FuitheiTnoie, the effect of the addition of polar but un- 
charged gioups to compounds othennse meffective (compare sahcylate or 
acetyl sahcylate mth benzoate, etc ) is yet to be explained 
The tentative hypothesis may be advanced that combmation of these 
particular anions with positively charged gioups on the albumin molecule 
produces a complex which is lesistant to the action of the urea The re- 
sistant complex responds to the urea treatment with little viscosity mciease 
Such a complex would show hydiolysis rates approachmg those of native 
albumin when subjected to papam hydrolysis Experiments on papam 
hydiolysis are of course comphcated by the possibility of inhibition of 
papam action by the stabihzer m question 

It IS difficult to conceive of stabihzation occurrmg without the bound 
molecules formmg a link, houever weak, between neighbormg peptide 
chams of the albunun molecule Such links might mvolve, besides the 
electrostatic bond, a non-polar interaction mth h 3 ffirocarbon residues of 
chams oi inth the lesidues of othei bound stabihzei molecules This 
hypothesis would explam the action of such compounds as caprylate or 
phenyl but 3 Tate For the phenolates and trichloioacetate, the second 
Imkage maj’' be a hydrogen bond The conti astmg behavior of monochloro- 
acetate and tnchloroacetate oi the mdividual behanoi of the vanous 
phenolates would leqmre furthei explanation 
The viscosity data presented give no mdication of the number of mole- 
cules of a particular compound which combine to pioduce an albumin 
complex resistant to urea denaturation The amount of bmdmg of several 
of these active anions by albumm is bemg investigated by the equihbnum 
dialysis technique Diffeiences m bmdmg energj’" and m maximum com- 
bmation numbei are appaient between such compounds as the mononitro- 
phenolates and picrate ' The advantage of the \uscosity work is that it 
gives an indication of the compounds which may be presumed to be active 
and of the mole ratios at which actmty maj’" be expected The mmima 
m the cuiwes of Fig 5 indicate that less than 8 molecules of dodecyl sulfate 
combine v ith albumm to produce the stable complex Further work vtII 
be necessaiT to establish the actual numbei of molecules bound m the for- 
mation of the stable complex foi each of the active stabihzers 
The ability of such compounds to prevent denaturation vail depend upon 
the denaturant emplojed Boyer et al (7) found that capiylate vould 
prevent increases of nscosity m 2 5 m guanidme hi'drochloride, but i\ ould 
not prevent increases m 6 m guanidme hydrochloride Similarty, iie ha\e 
found that 0 05 ai capndate mil not prevent the nscosity mcrease nhich 
occurs when a solution contaming 2 per cent albumm and 1 2 per cent SDS 
is allowed to stand 

Certam conclusions maj be drawn concemmg the comparative effective- 



218 


SERUM ALBUMIN IV 


ness of these compounds against denatuiation by heat and by urea The 
deteimmation of the thermal stability of albumin solutions containing a 
numbei of organic anions has demonstrated that the cloud point increases 
with increase m chain length when membeis of a homologous senes of 
compounds weie investigated (c/ (1-3)) However, it is apparent from 
the viscosity experiments that only a few compounds among those which 
raise the cloud point are effective in preventing urea denaturation Butyr- 
ate IS able to raise the cloud point of 25 per cent human albumin from 61° 
to 75° when introduced in 0 30 m concentration (mole latio 81 1) , butyrate 
IS ineffective in preventing viscosity mci eases in 6 m urea up to a mole 
ratio of 337 1 

Compounds which stabilize albumin against urea denaturation pre- 
sumably will gieatly increase the cloud point of albumin solutions Thus 
dodecyl sulfate, caprylate, phenyl but 3 uate, and tnchloroacetate, each la 
0 015 M concentration (mole ratio 7 1), raise the cloud point of 25 per cent 
human albumin solutions from G4° to 72 5°, 70°, G9°, and G7°, respectively 
The cloud point data for many of the compounds listed in Table I are 
mcluded m the last column 

Moderate concentrations of several of the organic salts lesult in the for- 
mation of gels at the temperatures to which the albumin is subjected during 
the measurement of the cloud point Gels aie also obtained when 25 per 
cent albumin solutions con taming stabilizers are subjected to heating at 
57 for several months Gel formation would result from heat denaturation 
if an added salt interfered with aggregation of the denatured protein but 
did not stabilize the native protein 

True stabilization would involve the maintenance of albumin in the 
native state as measured by several independent criteria, such as unchangeH 
solubility, unchanged intrinsic viscosity, unchanged digestion rate, anH 
unchanged molecular weight Considering the data on stabilization thus 
far available, sodium caprylate would seem to stabilize these albumins lu 
the native form as measuied by the second and third ciiteria mentioned 
This conclusion would be dependent upon the demonsti ation of no inhibi- 
tion of papain by caprjdate The evidence is not complete foi phenyl 
butyrate, dodecyl sulfate (low mole ratios only), or trichloioacetate, but 
tentativelj'" we assume them to be true stabilizeis Evidence is mcomplete 
for the phenolic compounds, picrate and dichlorophenolate 

The further investigation of many of the compounds which raise the 
cloud point of albumin solutions leads to the segregation of the compounds 
into two groups (1) compounds able to raise the cloud point gieatly as 
well as to prevent viscosity increases during treatment of albumin with 
urea, and (2) compounds givmg high cloud points but unable to keep the 
viscosity of the albumin-urea system at low values 
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Several explanations may be proposed for the behavior of compounds m 
the second group One would be that formation of the albumin-compound 
complex has not proceeded to the pomt where the complex is stable toward 
the action of 6 m urea It may be that fewer groups of the albumin mole- 
cule interact to form the heat-resistant complex than to form the urea- 
resistant complex 

Another explanation, more generally applicable, would be that formation 
of a cloud durmg heating of the albumin may be slowed or prevented by 
the formation of a denatured albumm complex which has dimimshed 
ability to aggregate to the extent necessary to form the cloud Certain 
compounds, such as dodecyl sulfate, would be expected to prevent a cloud 
formation by actual stabilization (at low SDS-albumm ratios) and by dis- 
persion of the denatured albumm (at high ratios) 

The compounds thus far found to belong to the first group have been 
mentioned previously Examples of compounds now classed in the second 
group would be phenyl acetate, mandelate, acetyltryptophan, benzoate, 
benzenesulfonate, valeryl sulfonate, and acetate 

SUMMARY 

Forty aliphatic and aromatic anions have been mvestigated for theu* abil- 
ity to prevent the normal viscosity rise which occurs as an albumm-urea solu- 
tion ages The criterion for stabilization was taken to be the mamtenance 
of a viscosity relative to solvent of 1 10 after a 24 hour period of contact 
between the 6 'm urea and dissolved bovme albumm Albumm-urea mix- 
tures lacking organic salts develop a relative viscosity of 1 60 imder the 
same experimental conditions 

Seven compounds have been shown to be stabilizers as judged by the 
above criterion The relative efficacy of stabilizers has been detemuned 
m terms of the mole ratio of compound to albumm necessary to keep the 
relative viscosity at 1 10 The effectiveness of the stabihzers decreases m 
the folloivmg order dodecyl sulfate, caprylate, 2,4-dichlorophenolate, 
picrate, phenyl butyrate, hexyl malonate, cmnamate, and tnchloroacetate 
Tentative conclusions have been drawn concerning the structure necessary 
for a compound to be a stabilizer 

Curves for the relative viscosity versus concentration of albumm are 
presented for experiments m which the ratios of dodecyl sulfate to albumm 
were mamtamed constant Stabihzation was apparent at all concentra- 
tions of albumm as shoivn by lower values of ij,p C for the solutions which 
contained dodecyl sulfate compared to similar solutions lackmg dodecjd 
sulfate An mcrease in ionic strength from 0 08 to 0 28 did not affect the 
ijjp C values Intrmsic viscosities were estimated from the data obtamed 
m these experiments 
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Compaiisons have been made concerning the clTcciivencsb of compounds 
in raismg cloud point tempeiatuies and m pi eventing ^uscoslty inerenses 
in 6 M niea solutions 

The amoiphous and ciystalline bovine albumins wcie geneiously pio 
videdbyDi J D Poische of the Aimoui Laboi atones The painstaking 
teclmical assistance of J Legg is guitefully acknowledged 
Giants-m-aid fiom the Rockefellei Foundation and the Cuttei Labora- 
toiies made the continuance of this icseaich possible 
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The discovery of relatively simple peptide denvatives as substrates for 
proteolytic enzymes has introduced a new approach to the problem of the 
specificity of this group of hydrolytic enzymes Although crystallme 
tiypsm IS known to catalyze the hydrolysis of mtemal peptide bonds of 
protems, its action toward internal peptide bonds of synthetic substrates has 
been demonstrated for only one case (1) Since all other s 5 Tithetic sub- 
strates for trypsin, descnbed in the extensive work of Bergmann and 
coworkers (2), are amides of lysine and arginme denvatives and are spht 
enzymatically into ammoma and the correspondmg ammo acid denvatives, 
the action of trypsin toward these substrates may be more adequately 
descnbed as an amidase activity 

In the course of an investigation of the inhibition of crystalhne pancreatic 
proteolytic enzymes by specific low molecular weight compounds the dis- 
covery was made that crystalhne trypsin is likewise a powerful catalyst for 
the hydrolysis of certain ammo acid esters The most specific substrates of 
this type are a-benzoyl-L-arginine methyl ester (BAME) and a-toluene- 
sulfonyl-L-argmine methyl ester (TSAME) It was also found that, 
contrary to previous reports (3), trypsin catalyzes the amide hj'drolysis of 
a-toluenesulfonyl-L-argimnamide and does so even more rapidly than it 
cataly^zes the hydrolysis of the classical substrate, a-benzoyl-L-argimn- 
amide The structural specificity of these esters for trypsm is approxi- 
mately analogous to that of the corresponding amides, although a certain 
measure of cross-reactivity of one of these (BAhlE) with chjmotrypsin 
exists Both the esterase and amidase activities are apparently mediated 
by^ the same active surface configurations of the enzjme, as is endenced by 
studies of vanous modes of partial and complete enzyme inactivation 

The results of these kinetic studies are presented m this paper 

EXPERIMENTAL 

Preparations 

Enzymes — ^Three lots of cry^stalhne trypsm and ch 3 Tnoti 3 ’psm were pre- 
pared according to the method of Ivunitz and Northrop (4), activation of 
trjqismogen was earned out by the procedure of McDonald and ICunitz 
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(5) ^ Although difficulty was cncounteied m ciy&talhzing trypsmogen, 
lughly active, wholly ciystalhne ti 3 '’psm was obtained by applying the 
method of McDonald and Kunitz to amoiphous tiypsinogen All active 
enz 3 ane piepaiatioiis veie icciystallized once A poition of one piepaia- 
tion of ti 3 Tisin vas fuithei puiified by tiichloioacetic acid precipitation (4) 
Ci 3 ^stalhne y-chymotiypsin vas piepared fiom the clivonotrypsin filtiates 
of tiio piepaiations accoidmg to the method of Kumtz ( 6 ) 

One tiypsin pieparation vas dial 3 '’zed in the cold foi 72 houis against 
0 001 N sulfuiic acid and vas subsequently l 3 ’'ophihzed 

Substrates — a-Bcnzoyl-L-aigminamide hydiochloiidc (BAA), a-benzo 34 - 
L-aiginme mcth 3 d estei 113^1 ochloiide, a-p-toluenesulfonyl-L-argminamide 
(TSAA), and a-p-toluenesulfon 3 d-L-aigmine methyl estei ly’^diochloiide 
were prepaied essential^'' accoidmg to the method of Beigmann, Fruton, 
and Pollok (3) A slightly impioved yield of benzoylaigmme was achieved 
by adding benzoyl chloiide and 10 pei cent sodium carbonate to the 
aqueous solution of argimne monohydiochlonde at lates such that the 
leaction mixtuie was kept just alkaline to phenolphthalein By this 
pioceduie 21 2 gm of aigimne monoh 3 ffiiochloiide 3 uelded 24 gm of 
cc-benzoylaiginine 

Although BAME has not been piepaied in the ci 3 ’’stalhne state, it was 
conveited to a stable, although higlily hygioscopic, glass by the follovang 
pioceduie The solvent was lemoved tn vacuo fiom a methanohe solution 
of appioMmately 8 gm of BAME until a solid foam foimed The foam 
V as dissolved in 30 ml of watei and the pH adjusted fi om 0 75 to 8 75 with 
5 N NaOH A lesulting shght piecipitate was filteied off and the solution 
leacidified to about pH 3 with 5 n HCl The watei was removed tn vacuo 
and two poitions of absolute methanol were added and distilled tti vacuo 
to lemove the last tiaces of watei The lesulting oil was then dissolved in 
60 ml of absolute methanol and the NaCl wms filtei ed oft The solvent was 

again distilled tn vacuo and the remaining oil was heated to 100 ° for 10 
minutes The pioduct is a fiiable, white fiothy glass which was stored in a 
vacuum desiccator On dry days tins mateiial could be weighed without 
difficulty Although the pioduct was not suitable foi analysis, its identity 
w as pi oved by conversion of a portion of it to BAA 
Carbobenzo\3’’glycyl-L-tyrosine ethyl ester and N-carbobenzoxy-O-acetyl- 
L-t 3 'i osylgl 3 '’cine eth 3 d ester weie piepared according to the method of 
Beigmann and Fiuton (7) 

e-Caibobenzo\y-L-lysine methyl ester hydrochloride was prepaied ac- 
coiding to Beigmann, Zeivas, and Ross ( 8 ), and carbobenzo\yglycyl-DL- 
phenylalamne ethyl ester wms a preparation pieviously described ( 9 , 10 ) 

^ We are indebted to Dr C E Graham of The Wilson Laboratories, Chicago, for 
the crude pancreatic protein precipitates used in these isolations 
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Tyi osine ethyl ester hydrochlonde and L-phenylalamne ethyl ester hydro- 
chlonde were prepared m the usual manner 

Glycme ethyl ester hj’-drochlonde, ethyl butjTate, and butyl acetate were 
Eastman preparations and were used mthout purification 

Methods 

Amidase Acitimty — ^The amidase activit}’- of the proteolytic enzymes was 
measured by a modification of the Conway micro diffusion technique (11) 
0 75 ml of 2 per cent boric acid solution was substituted m the inner cham- 
ber of the Conway plate for the strong acid solution used by Conway - 
By this means the ammoma evolved could be titrated directly and diffi- 
culties encountered in the back titration in air with dilute strong base were 
avoided 

The reaction mixtures used for determination of amidase activity were 
made by mixing equal volumes of 0 1 m substrate in phosphate buffer and 
of enzyme solution m phosphate buffer In earher runs sr/15 phosphate 
buffer was used, but later this concentration was raised to 0 1 Ji to insure 
pH control Because of the well known instability of trypsin m the pH 
range in which it is active, the enzyme v as dissolved in the buffer imme- 
diately before it was added to the substrate solution 
All amidase activities were determined at 25° with shaking 0 2 ml 
samples were mthdrami at intervals for analysis and were intioduced into 
the Conway plates After each sample was mixed vuth 1 ml of saturated 
K2CO3 solution used to volatihze the ammoma, the plates were allowed to 
stand for at least 1 hour before being titrated mth appi oximately 0 01 n HCl 
and 1 drop of Tashiro’s mdicator Thus, 0 01 ml of acid corresponded to 
approximately 1 per cent hydrolysis Smce the indicator color vaned 
vath the volume of the sj-^stem at the end-pomt, vater was added to the 
plates m which the extent of hydrolysis was small in order to bung the 
final volume for all titrations close to a constant volume 

Time was measured from the time of the completion of addition of the 
trj^psm solution to the time at which the saturated ICCO3 solution touched 
the sample It v as assumed that the enzyme was inactivated immediatelv 
by the KjCOs solution and that any temperature effect due to the difference 
between the bath temperature and room temperature could be neglected, 
since the difference w as not large and also since the elapsed time w as never 
more than 1 minute The validity of the first assumption seemed to be 
confirmed by the fact that the blanks w ere alw aj s ivithm a few thousandths 
of 0 025 ml 

The horizontal burettes used for these titrations w ere made by drawmg 
out the ungraduated portions of ICimblc Exax 1 ml measunng pipettes and 

’ This modification was suggested bi Miss Elame Elkins of this laboratorj 
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fitting tile undrawn ends with Clay-Adams pipette suction units* The 
burettes were subsequently calibrated by weighing to inthm 0 1 rag the 
water delivered at 0 1 ml intervals In no case vas the error large enough 
to warrant the application of a collection 
The accuracy of the method was tested with solutions of ammonium 
sulfate With 0 05 and 0 005 n solutions of ammonium sulfate as stand- 
ards, the titration values could be lepioduced to mthin 0 3 per cent 
Prehmmary expeiiments indicated that ammonia is not evolved by 
saturated K2CO3 solution fiom BAA, TSAA, tiypsin, or chymotrypsin 
Blank deteiminations weie made by placing 0 1 ml each of substrate 
and enzjune solutions a short distance apart on Conway plates and by 
tipping the plates so that the solutions were mixed veth the satin ated KjCOj 
solution before they weie mixed with each other 
Esterase Acttimiy — ^For the determination of the estciase actmty precise 
pH contiol in the piesence of the libeiated caiboxyd groups necessitated 
the use of such laige quantities of buffer that the conventional amino 
acid titrations were rendered very difficult Recourse was had to a direct 
electrometric titiation of the liberated carboxyl groups wnth approximately 
0 2 m NaOH vnth a Beckman model G pH meter as a null indicator Low 
concentrations of buffer were used to render the system stable against great 
variations in pH but still sensitive to changes in hydiogen ion activity 
Substiate solution, buffer solution, and enough watei to brmg the final 
volume to approximately 10 ml voie mixed and equilibrated in a 25° bath 
The glass electiodes weie intioduced andO 2m NaOH vas added from the 
horizontal burette pieviously desciibed until the pH lose to a value 0 2 to 
0 5 unit highei than the pH selected as the null point for the determination 
The enzyme solution was then added and zeio time taken as the time 
when the pH fell to the null point value A small mci ement of 0 2 m NaOH 
was then added and the use in pH noted In neaily all cases the rise in pH 
v as less than 0 2 umt The time was again lecoided vhen the pH fell to 
the null value This process was continued until the leaction stopped or 
until a sufficient portion of the leaction curve had been deteimmed to^ 
establish the nature and rate of the reaction The setting of the pH meter 
was checked against a standard buffei aftei each lun 
In most of the expeiiments stirring ivas accomplished by means of a slow 
stream of nitrogen bubbled through the leaction system through a syimge 
needle, but in the expeiiments involving a high concentration of enzyme, 
higher temperatures, or a volatile solvent, Stirling was done by hand ivith a 
small glass rod 

This method of measurement gave use to some uncertainty as to the 
concentration of the substrate at the moment the zero time reading was 

• We are indebted to Dr W A Perlzweigfor suggesting these useful devices 
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made This is of no consequence for reactions which follow zero order 
kinetics The treatment of the data for first order reactions is illustrated 
in a later section of this paper 

A stock solution of enzyme was made up daily, adjusted to pH 2 5 with 
HCl, and kept in the refngerator when not m use 

Nitrogen determinations on the enzyme solutions were made by the 
semimicro-Kjeldahl method 

Results 

Benzoylargimnamtde 

Specific Activity of Trypsin — In order to test the present method of 
analysis and also to characterize the preparations of trypsm used in these 
studies, the activity of each preparation toward BAA was determined 


Table I 

Autolysts of Trypsin at pH 7 SO As Measured by Activity toward BAA 


Tune 

JT'Xio-* 

Activity remaining 

X 10-* 

Calculated residual 
activity 

(JTj “ 1 U X 10-*) 

1 

miH \ 


per cent 

mamam 

ter cent 

0 

7 02 

100 



61i 

4 09 

58 1 


58 6 

1191 

3 00 

42 7 


42 3 

240 

1 90 

27 1 


26 8 


* Throughout this paper K will refer to the first order reaction constant defined 
hy K = 2 303/1 log (Co/(Co — «)), where Co is the initial substrate concentration and 
a the amount of substrate hydrolyzed in time t 

t Kt 13 the second order reaction constant e'^pressed by Kunitz and Northrop 
(13) as Kj = l/t{\IA — l/Ao) In the present calculation t is e\pres3ed in minutes 
and A is the per cent of the imtial activity, Ao, remaining at time t 

Measurements were made at four levels of enzyme concentration over an 
8-fold range 

In eveiy case the reaction was found to follow first order kinetics stnctly 
and for each preparation the rate constant was directly proportional to the 
enzyme concentration The proteolji,ic coefficients, C, for all lots of 
trjqisin prepared m this laboratory were found to fall mthin the limits 
((7 = 3 2 to 3 8 X 10~=) reported by previous investigators (12) 

The classical studies of Kunitz and Northrop (13) on the stability of 
crystalline trypsin have shown that at the pH of its maximum activity 
rapid inactivation occurs In the present expenments the rate of autolysis 
of trjqisin nas redetermined mth BAA as substrate The stabilizing 
effect of the substrate was sufficient to maintain the activity of the en- 
zjme at a constant value during each activity determination as evidenced 
by the adherence of the reaction to first order kinetics 13 6 mg of Prep- 
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aiation TIIIis weie dissolved m 5 ml of m/15 phosphate bulTei, pH 7 80 
0 5 ml vas immediately withdiawn and added to an equal volume of 0 1 m 
BAA m the same buffei Sulisequcnt samples of the enzyme solution 
^Yele removed at 1, 2, and 4 hom intoivals and the activity against BAA 
was detei mined 

The results given in Table I show a dccieasc in the fiist oidci reaction 
constant, mth time In agi cement vith Kunitz and Noithiop (13) 
this has been attiibuted to the spontaneous inactivation of tiypsm and lias 
been e\piessed as a second oidei icaction betveen native and denatured 
tijqism With K assumed to be pi opoi tional to activity and the lemainmg 
activities expiessed as pei cent of the initial activity at I = 0, second ordei 
reaction constants, have been calculated with the equation of Kunitz 
and Nortlnop (13) The lelative constancj’’ of Zfs togcthoi vith the close 
agieement between calculated and obseived lesidual actmtics testifies to 
the validit 3 '’ of this mteipietation 

Estoase Acbvity 

Enzymatic Naha e of Reaction — ^The discovciy of the ammo acid esteiase 
activity of trypsin vas made in the couise of a seaich foi a specific low 
moleculai weight mlubitoi foi tiypsm ^ It was obseived that the addition 
of BAME to the tiypsm-BAA leaction s}’’stem caused a maikcd decrease in 
the late of splitting of BAA without causing any change m the ordei of 
reaction and also caused the pH of the system to fall Qualitative evpen* 
ments wuth w^eaklj'' buffeied solutions of BAAIE indicated that the deciease 
of pH upon the addition of tiji'psm was due to the sphttmg of BAAIE by 
tijqism In one such expeiiment the pH fell fi om 7 5 to 4 3 m 35 minutes 

At pH 8 and 25° the tiyptic Itydi olj'^sis of BAME is a zeio oidei leaction 
thioughout about 95 pei cent of its couise The lesults of measuiements 
at foul levels of enzjmie concentiation ovei an 8-fold lange are shown m 
Fig 1 A plot of the leaction latc against the weight of enzj^me N m the 
leaction system is sliowm m the inset giaph of Fig 1 The deviation from 
lineality showm by the highest tiypsm concentration in the inset plot is 
not consideied significant, since the rate of this icaction approaches the 
limiting late winch can be accuiately measured wuth the apparatus used 

The chemical natuie of the leaction was estabhshed by allowung tiJTSi^^ 
to act upon 560 mg of BAAIE at pH 8 until the leaction was completed 
The leaction sj’^stem w'as diied in vacuo and extracted wuth absolute ethanol 
to sepaiatc benzoylaigmme fiom the buffei salts The ethanol wns le- 
moved in vacuo and 339 mg of a-benzoylaigmme, corresponding to 72 pei 
cent of the BAME used, w as rccoveied followung ci 3 ''staIhzation fiom wnter 
The recoveied benzo 3 daigmme decomposed at 273-275°as did an authentic 


* This investigation is still in progress 
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sample, and its identity iras further estabhshed by the isolation of ben- 
zoic acid following alkaline hj’^drolysis of a portion of the recovered 
matenal 

The followmg additional observations indicated that the hydrolysis of 
BAhlE is mediated by trypsin (1) alkah-mactivated trjTisin has no effect 
upon BAhlE, (2) the addition of mcreasing amounts of crystalhne, salt-free 
605 ’’ bean tiypsm inhibitor® progressively reduced the rate of sphttmg of 
BAjVIE and of BAA bj’’ trypsin,® (3) the rate of autolysis of trypsm at pH 



Fig 1 Hjdroljsis of SAME bj \arious concentrations of trypsin measured by 
electrometric titration, in 0 015 m phosphate buffer, pH 8 00, at 25° The amount of 
trjpsm Is in mg present in these sj steins is shonn by O 0 0492, • 0 0246, A 0 0123, 
A 0 0062 The inset curve indicates the linear relation between the rate of by droly- 
sis of BAME and the amount of trj-psin present 

7 80 and 25° is the same when measured by its activity ton aid BAME and 
ton ard BAA The identity of the autolj^sis rates of the two actmties is 
shown in Fig 2 in v hich, in analog}’- to the corresponding measurements 
of amidase activity, the tr}’ptic activity vas found to decrease vith time 
accoidmg to second order kinetics (13) The experimental points may be 

‘ AVe are deeplj grateful to Dr M Kunitz for two samples of crjstalline trjpsin 
and for the cn stalline soy bean trj-psin inhibitor used in these expenments 

® Work IS still in progress to determine ■nhether the linear relation between de- 
crease in triptic activitj and amount of trypsin inhibitor added, established bj 
Ivunitz (14), using protein substrates, holds cquallj for Ion molecular neight sub- 
strates 
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seen to fall on tlie theoretical curve calculated from the data for BAA 
given in Table I 

As IS shovTi in Table 11, all pieparations of trj^psin catalyze the hydrolysis 
of BAME, and the ratio of the specific reaction rate for BAME to the 
specific initial slope of the trypsin-catalyzcd hydiolysis of BAA is essen- 
tially a constant of all piepaiations of tiypsm tested This method of 
compaiing the lates of leactions of different oidcis was selected as offering 
the most valid basis foi compaiison, since in the initial phase of the reac- 
tion, the fiist Older reaction, most neaily appioachcs a zeio oi der reaction ’ 

Enzymatic Specificity of Reaction — ^The enzjmiatic specificity of the 
hydrolysis of BAME was tested at pH 8 0 vith ciystalhne ch 5 Tnotrypsin, 



Fig 2 Decrease in activity with time of a solution of trypsin (0 201 mg of N per 
ml ) in si/15 phosphate buffer, pH 7 80, at 25° O represents activity measured 
against BAA and A activity measured against BAME The cur-ve is the theoretical 
curve calculated from lU = l/l{l/A - l/Ao) (13) nhere Kt -= 1 14 X 10”* (c/ Table 
Al) 

y-chymotrjTism, clijonotiypsinogen, carboxypeptidase, and nbonuclease 
Of these, eight times recrystalhzed ch 3 Tnotiypsmogen (0 13 mg of N per 
ml of leaction mixture), six times leciystallized caibox 3 ’'peptidase (0 009 
mg of N pel ml ofieactionmixtuie),andnbonucleaseHlnig of crj’-stallme 
enzyme pei ml of leaction mixtuie) had no measuiable effect on 0 015 M 
BAME m 0 02 M phosphate buffer In each case the subsequent addition 

’’ It would be e\pectcd that, if the difference in reaction rates between BAA and 
BAME Mere due to a difference in the rate of desorption of the products from the 
enzyme surface, the addition of ammonium salts to the BAME system would decrease 
the rate of hydrolysis of BAME This uas not found to be true Even in 0 1 M 
NH4CI the specific hydrolysis rate of BAME remained constant 

* We are greatly indebted to Dr Lawrence L Lachat, Armour and Company, 
Chicago, for the nbonuclease, crystallized from alcohol, used in this experiment 
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of a small amount of tiypsm caused a rapid decrease m the pH of the re- 
action system 

Both ch 5 TnotoT)sin and y-chymotrypsin, however, were found to hy- 
drolyze BAME, the reaction followng first order kmetics The reaction 
curves for these hydrolyses are shown m Fig 3 for one concentration of 
7 -chymotrypsm and three concentrations of chymotrypsin 
Smce, by the direct titration method of measurement, the reaction starts 
before the zero time reading is made and since the initial concentration of 
BAME IS not well defined, the following procedure was devised for calcu- 
lating first order reaction constants The experimental data were plotted, 

Table II 

Hydrolysis oj BAME by Various Preparations of Trypsin 
Temperature 25°, 0 015 m phosphate, pH 8 00 Approximate imtial concentration 
of BAME 0 0063 m 


Trypsin preparation 

CoDCcntra 

tioa 

Slope of 
reaction 
curve 

JTi* 

^BAA 

E 

K, 

•^BAA 


mg ff tn 
system 

mss per 
mm 

mss per mm 
per mg 

](r> mv 
per mm per 
mg N 


Tlii, Ijophilized 

0 0110 

0 00274 

0 249 

3 92 

64 

TIIIu 



0 278t 

4 25 

65 

TIV« 

0 0087 

0 00212 

0 244 

3 56 

67 

CCbCOOH purified T 


0 00212 

0 238 

4 16 

57 

Kumtz’ Tjj 

0 0124 

0 00282 

0 228 



“ Lot 2 

0 0099 

0 00256 

0 259 




* Kt will be used throughout this paper to refer to specific zero order reaction 
constants, t c per mg of enzyme N in the system 

t Keaa Cd/B expresses the imtial slope of the BAA hydrolysis curve per mg of 
tr3Ti8in N per ml (E) 

t Mean of several determinations 

time being plotted on the axis of abscissas and the amount of base added on 
the axis of ordinates, and the best curve was drawn through the pomts 
From the curve a senes of pairs of abscissas was selected such that for each 
pair ii = 12/2 If the corresponding ordinates are designated as ai and 
02 , it follows from the properties of the first order equation, K — {2 303/f) 
log (Co/CCo — «)), that Co = oiV (2ai — 02 ) This procedure yields a senes 
of tentative values for Co, the only hmitation on any one value being that 
it must be less than the knovm concentration before the reaction started 
TOth the mean value for Co, log Co/(Co — a) was computed for several 
pomts and plotted against t If these pomts failed to show a trend of 
vanation from a straight line, the theoretical reaction curve was then 




















calculated The fit of these calculated cui ves to the expenmental pomts is 
illustrated in Fig 3 “ 

“ In several cases the tentative values of Co were found to increase as larger values 
of h vere selected In these instances gi eater weight was given to the values of Co 
determined for larger values of h because the initial points of the reaction curve were 
subject to a greater error in measuring times than were subsequent points This 
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It may be seen qualitatively from Fig 3 that the rate of hydrolysis of 
BAIME by chymotiypsm increases with the enzyme concentration The 
mean value for the proteolytic coefficient of chymotiypsm on BAME is 
1 6 X 10"^ (Co of BAME about 0 01 m) and of y-chymotrypsin (smgle 
determmation) 1 5 X 10“‘ (Co of BAME about 0 02 ii) Smce the cor- 
responding mean value of X Co/E foi chymotiypsm is 3 7 X 10“^, it 
appears that tiypsm sphts BAIME about 65 times as rapidly as does 
chymotrjqisin (c/ Table II) 

Effect of pH — It was observed that at pH values greater than 8 BAME 
undergoes spontaneous hydrolysis at 25° This phenomenon was mves- 
tigated as a prelimmary to the measurement of the effect of pH on the 
enzymatic hydrotysis of BAME The extent of the spontaneous hydrolysis 
of BAME at 25° and at pH 9, 10, and 11 is shovm by the contmuous curve 
and by the initial regions of the discontinuous curves m Fig 4 

In subtracting the correction for spontaneous hydrolysis from the data 
obtained in the presence of tiypsm, it was assumed that the correction in- 
creased hnearly with time Since the reaction in the presence of tiypsm 
IS lelatively rapid compared to the spontaneous hydrolysis and smce the 
enzymatic nms at pH 9 and 10 show no deviation from Imeanty except at 
the extreme end of the reaction, this assumption seems to be a vahd first 
approximation 

Since the rate of the spontaneous hydrolysis is a function of the concen- 
tration of BAME (first order kinetics), while the rate of the enzymatic 
hydrolysis depends only upon the amount of trypsin present (zero order 


treatment neglects the dilution of the system by the base added in the course of the 
reaction For a first order, non-enzymatic reaction this dilution would have no effect 
upon K, but for an enzymatic reaction the additional reduction in the concentration 
of the substrate will tend to decrease slightly the tendency for enzyme substrate 
comple\ formation This change will be relatively small, since the dilution in no 
case amounted to more than 10 per cent of the imtial volume and it has, therefore, 
been omitted from this calculation 

•o Because of this cross-reactivitj between trypsin and chymotrypsin with BAME, 
the action of chymotrypsin on BAA was reinvestigated A chymotrypsin concen- 
tration of 0 448 mg of N per ml of reaction mixture caused no hydrolysis of 0 05 m 
BAA This observation is in agreement mth the results of Bergmann, Fruton, and 
Pollok (3) 

“ The discontinuous curve for pH 10 of Fig 4 is of particular interest, since the 
plateau reached after the addition of trypsin defines a rather small region within 
which the value of Co , calculated from the initial portion of the curve, must fall if 
this treatment of the data is satisfactorj It will be observed that the agreement 
between the experimental and calculated values for Co is quite good and that the 
X alues for A for the tw o curves at pH 10 show fair agreement despite the fact that Co 
for the continuous curv c has about twice the x alue of Co for the discontinuous curx e 
(see the legend to Fig 4) 



232 


ESTERASE ACTIVITY OF TRYPSIN 



Fig 4 Rates of hydrolysis of BAME under various conditions of pH, trypsin con- 
centration, and BAME concentration The curves shown for the first order reac- 
tions are the theoretical curves calculated from the values of K and Co showm below 
Borate buffers were used in these systems 


pH 

Symbol 

Trypsin concen- 
tration, mg N m 
system 

Buffer concen- 
tration 


Co (calculated) 



i 

if 


. lO-t m ej 

11 00 

9 

0 

None 

22 2 

1 76 

10 00 

O 

0 

0 03 

1 55 

1 97 

10 00 

A 

0 

0 03 

1 67 

1 12 

10 00* 

A 

0 0248 

0 024 



9 00 

A 

0 

0 03 



9 00* 

A 

0 0248 

0 024 


.. 


* After trypsin was added 

The inset graph illustrates the first order kinetics of the hydrolysis of BAME at pH 
11 in the absence of a buffer K for the plotted line is 2 22 X 10~‘ Co , calculated 
in milliequivalents X 10~*, 1 76 (O), 1 70 (® ), and 1 58 (A) m 0, 0, and 0 0195 mg 
of trypsm N in system 
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kinetics), the magnitude of the correction applied for spontaneous hydroly- 
sis was somewhat arbitrary It was chosen to apply to the imtial concen- 
tration of BAME 

The pH-activity curve for the tryptic hydrolysis of BAME is shown m 
Fig 5 The pH of maMmum activity is about pH 8, the actmty falling 
off rapidly below pH 7 and above pH 10 The rate of decrease in activity 
above pH 10 is intermediate between that observed with trypsm on BAA 
(3) and that observed with tiypsm on casein (13) The inset in Fig 4 
illustrates the point that at pH 11 tr 3 rpsm does not increase the rate of 



Fig 5 Curve showing the effect of pH on the hydrolj sis of BAME and TSAME 
by trypsin at 25” The buffer concentration for the BAME determinations was 
0 025 M and for the TSAME determinations, 0 015 m O phosphate, • borate, A 
acetate, A no buffer 

sphttmg of BAME over the rate of the spontaneous hydrolysis and that 
the same first order reaction constant appbes to the hydrolysis of BAME 
m both the piesence and absence of trypsin 

Effect of Temperature — The spontaneous hydrolysis of BAME was also 
studied at temperatures between 0 5° and 42° Although no spontaneous 
hydrolysis of BAME could be observed at pH 8 at 25°, a slow but measur- 
able reaction does occur at 42° The spontaneous reaction vas so slow at 
pH 10 and at pH 11 at 0 5° that only the initial slope of the reaction curve 
could be measured At pll 10 at 25° and 42° and at pH 11 at 25° the re- 
action IS clearlj>- first order in character At pH 11 at 42° the reaction rate 
is too high to be measurable by this method From these analyses the 
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value of Qio foi the spontaneous hydiolysis of BAME was found to be 
about 3 8 

The hydiolj^sis of BAME by ti 3 'psm was studied in 0 015 m phosphate 
butfei , pH 8 0, at 0 5°, 25°, and 42° The leaction at 42° deviates slightly 
fiom zeio 01 del but the deviation is so small that the initial slope of this 
cuive IS piobablj'^ stiictly compaiable to the slopes of the zcio ordci curves 
measuied at the lowei tcmpeiatuies The coiicspondmg icaction con- 
stants, Ko, aie 0 0515, 0 273, and 0 765 (collected foi spontaneous hydrolj- 
sis) mM pel minute pci mg of tiypsin N The values of Qio aie 1 97 
(0 5-25°) and 1 83 (25-42°) These values aic somewhat loiver and de- 
ciease less lapidly wnth inci easing tempeiatuio than the values detcimined 
by Butlei foi the action of tijqisin on BAA (15) Calculation of Butler’s 
data yuelds Qw (6-15 2°) = 3 00, Q,o (15 2-25 5°) = 2 36, and Qio (25 5- 
37 5°) = 1 82 

Substrate Specificity of Tiypsin and Chymoti ypsin toward Esters 

and Amides 

The substrate specificity of tiypsm and chymotrypsin was investigated 
with a variety of esteis, ammo acid esteis, and peptide esteis which are 
1 elated to the specific substrates Toluenesulfonydai gimne methyl ester 
(TSAME) was found to be split by tiypsm even moie rapidly than is 
BAME The pH activity relation foi the action of trypsin on TSAME is 
shown m Fig 5 

The leaction follows zero order kinetics betw^een pH 6 and 8, but at pH 9 
and 10 approaches first order Reaction lates at the latter pH values were 
determined from the initial slopes of the reaction curves TSAME w'as 
not found to undergo spontaneous hydrolysis at any pH studied Com- 
parison of the specific reaction constants shoivn in Fig 5 indicates that 
trypsin hydiolyzes TSAME about 6 times as lapidly at pH 8 as it does 
BAME 

The results obtained mth other esteis are showm in Table III 

The relative insolubility of some of these substrates m aqueous solutions 
necessitated the use of 50 pei cent ethanol for enzymatic analyses For 
compaiison, the activity of trypsin toward BAhlE in 50 pei cent ethanol 
was determined To 12 ml of a 50 per cent (by volume) buffeied etha- 
nohe solution, pH 8, of appioximately 0 01 M BAME ivas added 0 2 ml of 
a trjpsm solution containing 0 135 mg of N per ml The reaction curve 
denated slightly from a zero oidei curve, but from the slope of the mam 
portion of the curve Ko -was calculated to be 0 19, a value not markedly 
loiver than that found foi the tiyptic hydrolysis of BAME m aqueous 
solutions Tlus is m agreement mth the finebngs of Risley, Buffington, 
and Arnow (16) who studied the digestion of proteins by trypsin m alco- 
holic solutions 
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The observation that TSAME is spht by trypsin led to a remvestigation 
of the sphtting of toluenesulfonylargininamide by trypsin (3) Preliminary 
experiments, vnth the Convray method, have mdicated that trypsin sphts 
TSAA about 1| times as rapidly as it sphts BAA ^ Estimates of the pro- 


Table in 

Effect of Trypsin and Chymolrypsin on Various Esters 


Substrate 

Trypsin 

I Chymotrypsm 



Concentration j 

Rate* 


fttf N per ml 


mg N per ml 


L-Tyxosme ethyl ester HCl 

0 0285 

1 ± 



Glycine ethyl ester HCl 

0 0285 

0 

1 


Ethyl butyratef 

0 0285 

0 


1 

Butyl acetate 

0 0285 

0 



N-Carbobenzoxy-O-acetyl-L-tyrosyl- 

0 0363 

± 

1 0 0556 

0§ 

glycine ethyl esterf 





n-Phenylalanine ethyl ester HCl 

0 0399 

± 



Carbobenzoxyglycyl-Dir-phenylalamne 

0 0399 

0 


+11 

ethyl esterj 



! 


e-Carbobenzoxy-L-lysine methyl ester 

0 0363 

0 



HCU 




1 

Carbobenzoxyglycyl-L-tyrosine ethyl 

0 0399 

0 

0 0185 

O 

11 

ester} 





a-Toluenesulfonylarginine methyl 

(See text) 

+ 

0 0705 


ester HCl 

1 

1 





For the water-soluble substrates the volume of the reaction system was 10 ml 
Substrate concentration m/40 and buffer concentration m/66 The buffer used was 
phosphate, pH 8 0 The temperature was 25'’ for all runs 

* The rate is expressed as 0 if the pH remained steady for 15 minutes after the 
enzyme solution was added, and as ± if there was a fall in pH but at a rate too low to 
be measurable 

t Substrate concentration 0 0145 m due to limited 8 olubilit 3 
t Deternunation made in 50 per cent (by volume) ethanol, contaimng 0 02 m phos- 
phate buffer, pH 8 00 

§ Substrate concentration 0 0156 m 

II Owing to the limited quantitj of this substrate available, quantitative studies 
were not made 

^ 7 -Chymotrj’psin also failed to hjdroljze TSAME at an appreciable rate 

teolj’tic coefficient toward TSAA are of the order of 6 X 10~= This evi- 
dence combined vnth the obsenmtion that chjunotrj'psin splits BAIME 

” Toluencsulfonylargimne was isolated from the enzjmatic reaction mixtures of 
both TSAA and TSAME The isolated samples decomposed at 247-248“ Bergmann, 
Fruton, and Pollok (3) report 256-257“ as the decomposition point of a recrystallized 
sample 
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rathei rapidly, while it liydiolyzcsTSAME only very bloviy, suggests that 
TSAA may be a moic specific substrate for tiypsm than is BAA 

DISCUSSION 

The expel imental data presented in the piccedmg section appear to 
piovide unequivocal pi oof foi the ti yptic hydiolysis of the osteis of specific 
ammo acid deiivatives Evidence foi the chemical nature of the reaction 
IS del ived fi om the follovang considci ations The lai ge i cleasc of titratable 
acid obseived in weakly buffeied leaction systems containing BAME or 
TSAME can only be attiibuted to the hj’'diolj’'sis of the ester bond of these 
substiates This has been confiimed by the isolation m 72 per cent jneld 
of benzo 3 daiginine from the hydiolysate of BAIME Although it has not 
been possible to characteiize BAME bj'’ chemical analj’^sis, its ready con- 
version into benzojdaigmmamide, togethei vnth the paiallel results oh 
tamed vnth TSAME, a ciystallme, chemicallj’’ identified compound, leaves 
httle doubt about the chemical idcntit}’^ of this substi ate 

The conclusion that the h 3 '’drol 3 '’sis of these estcis is catalj'^zed bj' triqisin 
itself and by the same active surfaces wluch catalyze the hydrolj^sis of 
BAA is based upon the follovong evidence (1) The enz}Tnatic purity of 
the trypsin prepaiations used m this vvoik is the same as that estabhshed 
by Hofmann and Bergmann (12) foi a senes of ciystallme samples (2) 
The specific zero oider reaction constant, JCo, for the lydiolysis of BAME 
IS independent of enzjone concentiation and compaiable values were 
obtained with various enzyme piepaiations, including one that had been 
subjected to piecipitation by tricliloroacetic acid, a procedure equivalent 
to seveial reciystalhzations (4) (3) Since the specific zeio order icaction 

constant tow^ard BAME is appioximatel}’' proportional to the pioteolytic 
coefficient towaid BAA, both measured activuties appear to be pioperties of 
the same enzyme This is further boine out by the identity of the rates of 
autolysis of trypsin measured by activities toward BAME and BAA (see 
Eig 2) (4) MTien tiypsm is inactivated bj'^ alkali or bj'' the addition of 

soy bean inhibitor, the enzymatic activities towaid BAME and BAA de- 
crease m a paiallel fashion (5) The pH optima tow^d casein (13), BA^. 
(3), BAME, and TSAME aie the same Although the pH-activitj 
curves of tiypsm towaid BAME and TSAME aie bioader than that 
tow aid BAA, a qualitative lesemblance among the thiee cuiv''es is apparent 

It IS of significance that undei standard conditions of measurement 
(pH 8 0, 25°, substrate concentiation vaiymg fiom 0 006 to 0 025 m) the 
esterase activity of tiypsm follow's a zeio ordei reaction, whereas the 
amidase activity, even in higher substi ate concentrations (0 05 m), follow's 
first order reaction kinetics Zero ordei reaction kinetics were observed 
for BAME at all pH values betw'een pH 5 and 10, wffieieas with TSAME 
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deviations toward first order reaction kinetics were noted at pH 9 and 
pH 10 The moleculanty of the reaction is evidently the same in both 
reaction sj^stems (esters and amide) If zero order kinetics are ascribed 
to a complete saturation of the enzyme by the substrate at all ratios of 
enzyme-substrate concentration that have been studied, the higher rate 
and lower order of reaction m the case of the esters must indicate a con- 
siderably higher affinity of the enzyme for these substrates It is xmhkely 
that the rate of desorption of the reaction products is the rate-hmiting 
step, since the readsorption of the accumulating products should then de- 
crease the reaction rate It is more hkelj"^ that the rate of activation at 
the enzjme surface is a controlling factor and that the activation energy for 
the amides is higher than that for the esters This conclusion is corrobo- 
rated by the Arrhenius activation energ 3 ’^ calculated from the rate measure- 
ments made at various temperatures The corresponding values for the 
trjTitic hydrolysis of BAME and of BAA are 11,200 calones per mole and 
14,900 calones per mole (from Butler’s data (15)) The higher temperature 
coefficient for the spontaneous hj'drolysis of BAhlB, Qio = 3 8, compared 
to that for the tryptic hydrolj'sis, Qio = 1 9, is m agreement mth analogous 
data for catalyzed and non-catalyzed reactions presented by Lme- 
weaver (17) 

A certain measure of enzjmatic cross-reactivity is exhibited by tiy^psin 
and chymotrypsin touard BAME The lower affimty of chjmotiypsin 
for BAME is evidenced by the loner rate and higher order of the reaction 
(first order) In contrast, this cross-reactivity does not appear ivhen the 
more specific TSAIME is used as a substrate 

Both the amidase and esterase activities of trypsin show a high degree of 
substrate specificity Of all the esters that have been tested only BAME 
and TSAME exhibit a measurable rate of tryptic hydrolysis, the latter 
being hydrolyzed about 6 times faster than the former Analogously, the 
hj'drolysis of toluenesulfonylargimnamide, a substrate previously reported 
to be resistant to trjTitic hydrolysis (3), somewhat exceeds in rate that of 
BAA Although, because of the different orders of reaction, precise com- 
parison IS difficult, it IS evident that the activity of trypsin toward BAIME 
IS about 60 tunes higher than that tonard BAA (see Table II) 

The negative results obtained mth trjTism and e-carbobenzoxy-n-lysine 
meth}'! ester are in agreement mth the findings of Hofmann and Bergmann 
(18) on the effect of introduction of an e-carbobenzoxy group into an 
a-substituted Ijsmamide The resistance of N-carbobenzoxj’’-0-acetyl-i,- 
tjTOsjdglycme ethyl ester to chjmotrjiitic hydroh sis is possibly caused bj 
the mtroduction of the 0-acetjd group The hj drolj sis of carbobenzoxy- 
glycjl-L-tyrosme ethyl ester and of carbobenzoxygl> cj l-nn-phenylalamne 
ethyl ester by chjmotrjTiEm mdicates that tr^^ism is not the only pro- 
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teolytic enzyme endowed with specific ammo acid esteiase activity 
Piesent evidence seems to indicate that those esteis which arc readily split 
by proteolytic enzj'’mes aic stiuctuial analogues of the typical amide 
substiates 

Since the piesent studies were limited to simple esters, it cannot be 
decided whethei the obseived esterase activity is simply i elated to the 
lowei bond eneigy of esteis as compaied to amides or whether the structural 
details of the ester gioup aie of essential importance Furthei studies of 
this pioblem, involving the substitution of othei ladicals foi the amide 
group, aie in piogiess 

It has been suggested that in pioteins ceitain teimmal caiboxyl groups 
foim ester linkages with the Itydioxyl gi oups of seiinc, thieonme, oi tiTOSine 
(19) The biological sigmficance of the esteiase activity of trypsin and 
ch 5 Tnotiypsm for this and othei piocesses remains to be evaluated 

This woi k has been supported by gi ants from the Rockefeller F oundation, 
fiom the National Institute of Health, United States Public Health Service, 
and fiom the Duke Umversity Reseat ch Coimcil 

SUMMARY 

Ci^ystalbne trypsin exhibits esterase activity towaid specific esters of 
amino acid deiivatives Of these, a-benzoyl-L-aigmme methyl estei and 
a-p-toluenesulfonyl-L-aigimne methyl ester aie most active, and aie hy- 
diolyzed about 60 times fastei than are the coriesponding amides The 
catalysis of estei s is mediated by the same active surface as the catalysis 
of the coriesponding amides Quantitative kinetic studies, includmg the 
effects of enzyme concentiation, substiate concentration, pH, and temper- 
ature are reported 

Contrary to previous repoits, it is found that a-p-toluenesulfonyl-L- 
aigimnamide is a typical substrate foi tiypsin and is hydrolyzed even more 
rapidly than is the coriesponding a-benzoyl deiivative 

Although BAME is also hydiolyzed by chymotiypsin, a-p-toluene- 
sulfonyl-L-argimne methyl ester is not The ethyl esters of carbobenzoxy- 
glycyl-L-tyiosine and of carbobenzoxyglycyl-DL-phenylalamne are readily 
hydrolyzed by chymotrypsin, indicating that the ammo acid esterase 
activity may be a general attribute of proteolytic enzymes 

BIBLIOGRA.PHT 

1 Plentl, A A , and Page, I H , / Biol Chem , 163, 49 (1946) 

2 Bergmann, M , and Fruton, J S , in Nord, F F , and Werkman, C H , Advances 

in enzymology and related subjects, New York, 1, 63 (1941) Bergmann, M , 
in Nord, F F , and Werkman, G H , Advances in enzymology and related 
subjects, New York, 2, 49 (1942) 



SCHWEKT, NEUHATH, lOVUFJIAN, AND SNORE 


239 


3 Bergmann, M , Fruton, J S , and Pollok, H , J Biol Chem , 127, 643 (1939) 

4 Kunitz, M , and Northrop, J H ,J Gen Physiol ,19, 991 (1936) 

5 McDonald, M R , and Kumtz, M , J Gen Physiol , 29, 155 (1946) 

6 Kumtz, M ,/ Gen Physiol ,22, 207(1938) 

7 Bergmann, M , and Fruton, J S ,J Biol Chem , 118, 405(1937) 

8 Bergmann, M , Zervas, L , and Ross, W F,J Biol Chem , 111, 245 (1935) 

9 Neurath,H , Elkins, E , and Kaufman, S ,J Biol Chem ,170, 221 (1947) 

10 Hofmann, K , and Bergmann, M , J Biol Chem , 134, 225 (1940) 

11 Conway, E J , Micro diffusion analysis and volumetric error, London (1939) 

12 Hofmann, K , and Bergmann, M , J Biol Chem , 138, 243 (1941) 

13 Kumtz, M , and Northrop, J H , / Gen Physiol , 17, 591 (1933) 

14 Kumtz, M,J Gen Physiol , 30, 291 (1947) 

15 Butler, J A Y ,J Am Chem Soc , 63, 2971 (1941) 

16 Risley, E A , Buffington, A C , and Amow, L E , / Am Chem Soc , 66, 398 

(1944) 

17 Lineweaver, H , J Am Chem Soc , 61, 403 (1939) 

18 Hofmann, K , and Bergmann, M , J Btol Chem , 130, 81 (1939) 

19 Chibnall,A C ,Proc Roy Soc London, Smes R, 131, 136 (1942) 




STUDIES IN STEROID METABOLISM 

I METHODS FOR THE ISOLATION AND QUANTITATIVE ESTIMATION 
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The steroid hormones in addition to their function m sex physiology have 
important roles m the regulation of carbohydrate, protem, and electrolyte 
metabohsms Although abnormahties mvolvmg the steroids are known 
to be present in certam diseases, the exact r61e of these disturbances m the 
etiology and manifestations of these diseases has not been established, 
because, hitherto, the methods which have been available have not been 
satisfactory for explonng the details of steroid metabohsm In the course 
of a comprehensive study which has been m progress m the laboratones 
of the Memonal Hospital smce 1940 (1-5), more adequate procedures have 
been developed and have been utihzed in the mvestigation of the steroids 
excreted m the unne of human beings in health and m sickness The re- 
sults will be reported in a senes of commumcations, of which this, the first, 
descnbes the methods developed for the isolation of the neutral steroids 
from unne and for their quantitative measurement 
Subsequent reports will include the charactenzation of the ketosteroids 
isolated (6), the apphcation of infra-red spectroscopy to their analysis and 
identification (7), and the descnptions of the quahtative and quantitative 
patterns of the steroids excreted by noimal mdividuals and by patients with 
vanous disorders mcludmg neoplastic growth Such compansons have 
been made possible by the apphcation of standardized procedures mvolv- 
mg the methods herem descnbed to the unne specimens of a large 
number of individuals 


EXPERIMENTAL 

Collection and Preservation of Unne — ^The unne specimens were collected 
in senes of 3 to 4 day penods from hospitahzed patients and 6 to 10 daj' 

• The authors gratefully acknowledge the assistance of the Frances and Sidney 
Brody Chantable Fund, the Jane Coffin Childs Memonal Fund for Medical Research, 
the Commonwealth Fund, the Anna Fuller Fund, the Albert and Mary Lasker Found- 
ation, the Adele R Levy Fund , the Eli Lilly Fund for Steroid Research, the New York 
Foundation, the Sidney Rhemstein Fund, the Mose Rippa Fund, the Felix M and 
Frieda Schiff Warburg Foundation, the Alfred P Sloan, Jr , Research Fund, the 
Teagle Fellowship Fund, and the Whiting Foundation Preliimnarj reports have 
been presented (1-5) 


241 



242 


STEROID METABOLISM 1 


peiiods fiom out-patients of the Memorial Hospital In many instances 
the lume collections fiom the hospitalized patients were stored m a re- 
fiigeiatoi lYithout pieseivative, those fiom out-patients wcic accumulated 
m caiboys containing small amounts of chloiofoim oi toluene Occasion- 
ally laigei collections fiom patients with laic disoideis, principally of tlie 
adienal coitex, were obtained fiom othei institutions With these larger 
collections piecautions Aveie taken to have the uime made acid to Congo red 
by the addition of sulfui ic acid The pH of the ui me u as checked routinelj 
when the collection was received m the laboiatoiy, neaily all of the speci- 
mens weie acid 

The total collection peiiods vatied m length because of the variability m 
the stcioid content of mine from diifeient individuals, mines of low steroid 
content iveie collected foi several months Immediately aftei it vas re- 
ceived, the mine collected in each peiiod of the senes, for example in each 
3 day period, was submitted to hydioWsis, ethei extiaction, and separation 
of the ethei -soluble mateiial into the neutral, the phenolic, and the acidic 
fi actions These fi actions weie then stoied until sufficient amounts of 
mateiial reacting as 17-ketosteioids ueie accumulated The separate 
fractions of the extracts of the total mateiial collected were then combined 
and fmthei purified and sepaiated as desciibed below As a loutine 
precaution the ketosteioid content of the neutial fraction was determined 
foi the mateiial collected during each period The amount per 24 hoiii's 
Avas calculated in both the long teim and the 3 da}^ collections, these usually 
agreed, but, Avhen they did not, that of the short teini collection AA^as as- 
simied to be the more accurate, and the actual number of days lepiesented 
in the long teim collection was calculated fiom the amoimt pei 24 hours in 
the short term collection 

The fioAA sheet for the pioceduies employed in sepaiating the minaiy 
steroids is shoAvn in the accompanying scheme The details of the Amiious 
steps are described below 

Hydwlysis of Unne — ^The uiine A\as brought to pH 1 AAith concentiated 
sulfuric acid, then sufficient 50 pei cent sulfmic acid Aims added to bung the 
total acidity to 5 per cent by Amlume, and finalb'' the acidified solution Ai'as 
heated undei a leflux for ^ lioui 

E'lhachon of Enne and FiacHonalton of Eiliacts — ^The mine specimens 
after hydrolysis Aveie extiacted A\ath ether for 24 hours in Kutschei-Steudel 
type continuous extractors The ether Ai'as dispersed by passage thiough a 
flitted glass plate in order to inciease the efficiency^’ of the e'xtiaction The 
extract aa'rs then concentiated to a convenient A’'olume and sepaiated into 
fractions containing the acidic, phenolic, and neutral materials by extract- 
ing the ethei solution Awth 10 per cent sodium bicarbonate and 2 n sodium 
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hydroxide The sodium bicarbonate and sodium hydroxide solutions were 
reextracted twice with ether The neutral ethereal solution was washed 
with water, evaporated to dryness under dimimshed pressure, and the resi- 
due was stored At the end of each total collection penod, all of the neutral 
fractions were combmed, dissolved m ether, extracted with 2 n sodium hy- 

Flow Sheeifor Extraction and Separation of Steroids from Unne 

Unne 

1 

Hydrolysis 

I 

Ether extraction 


Neutral Phenolic 

fraction fraction 

I 

Girard’s Reagent T 


Ketonic fraction 


Digitomn 


I ’ 1 1 ’ 1 

Cetonic /?-Ketonic a Hydroxy alco ^-Hydroxj alco- 

action fraction holic fraction hohc fraction 

droxide, and v ashed vatli v ater The solvent was then removed and the 
residue was designated the “crude neutral fraction ” 

The acidic fraction was obtamed by acidification of the sodium bicarbo- 
nate solution, followed bj’’ contmuous extraction mth ether All of the 
mdindual fractions of this type from each subject were combmed to give 
the total acidic fraction The sohent uas removed and the residue saved 
foi later investigation The phenolic fraction was similarlj’- obtained from 
the 2 N sodium h} droxide solution and stored for future v ork 


Non-ketonio fraction 
Fhthalic anhydride 

I ■ 1 

Alcohoho Non alcoholic 
fraction fraction 

1 

Digitomn 


Acidic 

fraction 
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Analytical Procedures 


Quantitative Dclci ininahon of Kclosteroid Content by 7Ammermann h 
action The ketosteioid content of the ncutini frnction \\nb measured by 
the Zimmermann reaction ^\Ith use of iihe Callow absolute alcohol tech 
mque (8, 9) as modified by Talbot cl al (10) This pi ocedure as used m 
prefeience to the deteimination of the weight of the total solids, since innny 
of the fractions contained large fimouiits of substances other than steroids 
In colored samples, collections for blank readings weie made, but no other 
color con ection factors were used (10, 11) Androstcrone was used as the 
standaid lefeience compound, and hence all ketosteioid values are expressed 
in mg -equivalents of andiosteione 

As purification of the neutral fractions proceeded, the color obtamed by 
the Zimmermann leaction became moie typical of that given byandros 
teione After chromatographic separation, the Inghly puiified 17-keto 
steroids showed the chaiaclenstic color given by andiosteione, while the 

- etosteioids gave atj'pical colois characterized by much lower extinction 
coefficients (12, 13) 

The aveiage daily ketosteioid value (Column 7, Table I) for a long collec 
tion peuod w^ calculated by dividing the total ketosteroid value of the 
cnide neutral fraction” by the number of days of collection A check on 
t^s value was obtained by the pioceduie pieviously desciibed The keto 
s eioi contents of the various fi actions, eg a-ketonic (ketosteroids not 
lecipi a e y igitonin), /3-ketonic (ketosteroids precipitated by digi- 
onm , e c , were similarly determmed by the Zimmennann reaction, and 

e va ues ivere computed m terms of the average daily excretion The 
esults obtained m a repiesentative series of normal and abnormal mdivid- 
uals are given in Table I 


TlJrr^r of Alcoholic Groups in Non-Kctemc Steroids- 

nnn Trptnn^ ^ otermine the hydroxyl groups of the steroids in the 

T on the fonnation of the half acid phthalate 

ennIH titration of these ivith dilute alkali (14) Since indicators 

plepfiniTiPt ^ 1 *"^0 oolol present, the titration was followed 

electiometrica Ily by means of the Coleman glass electrode 

A weighed aliquot of the alcoholic fiaction containing fiom 5 to 30 mg of 

^ '^11 '"^ns tiansfeiied to a small, 

flask wth a 24/40 standard tapeied joint, benzene was added, 
and the mateiial dried by distillation of the solvent, followed by evacuation 
f ution of phthalic anhydride w^hich contained about 

fpot r! K ^ introduced into the flask, an air condenser pro- 

e y a cacium c oride tube was attached, and the solution w'as 
healed in an ofl bath at 130 for 3 hours At the end of this penod, 5 ml of 
water were added and the mixture was aUowed to stand at room tempera- 



Tab HE I 

Values Obtained in Fracltonaiton of Crude Neutral Extracts from Urine of Normal Subjects and Diseased Persons 
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Amount per 24 hrs 

Non ketonic fraction 

Non 

alcoholic 

fraction 

(14) 

— 

mi 

32 0 
72,5 

30 0 

67 a 

36 4 

84 0 

59 7 
164 9 

86 2 

27 3 

20 0 

46 6 

56 9 

Alcoholic fraction 

r> 

c -2 

og cioeooo'^oooooo'^eo 

^ S. ^ ^ CO rH 

E? 


ooeq-^cjcoc^oocst^co-^co 

E o*-iot>.tooocoooioiAir5»o 

r-« f-< lO CO r* CO 

Total 

weight 

(11) 

<OOrJ<rJ<C4CiOO-^r-iOC^OO 
? ‘^C3-«4<«-»-}<lOOOOCiW5eOrHtO 

® •^ocooi6eooow5cjcoc^>^co 

Ketojuc fraction, 
color equivalent* 

■a 2 

tH 

^ »HCOrJ<tf5»-fC4t>»eOO*-‘r}<C^O 

s iHWOOOCOCOOi-tOOOO 

CO ^ 

8 S 

c4T}<o»-tc^cor>-b-»-HCo*oi^5co 

^ <0*-HeOO*^C<ICOOOcOU5eON 
fc rHC^i-ltH CDrJICOCO 

Total 

(8) 

t>**HC^OlCOO<Of^b«^*-JCOCO 

^ COcOCD«i<'^»0-t<C<t»-<OCOCOC4 
fe r-ict»-4i— < 

C4 

Total crude 
neutral 
extract 
color 

equivalent* 

(7) 

»-^ocoi>.oot^ooocococ&o 

Collection 

No of 
days 

W) 

'»^^CO»-«C4•HU50•^^COeOC3010 

1-1 i-» I-I W »-t cs 

Total 
volume 
of urine 

(S) 

^ OC5rr<00»-<C0C^ *-HO»-^r^CO 

fH r-«»^ COi"HC<»— t 
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V _ 

^ a 

t i-»iot>.c<ieooob«-OCQoaeoo«5 
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tuie foi 10 mmuteb The solution uas then tumsfciicd quantitatively to a 
beakei by washing hist, with 25 ml of clhanol and then \\ ith 20 ml of voter 
The electiodcs, stiiiei, and buiettc tip weic placed in this beaker below 
the suiface ot the solution The titiation \sas earned out vith 0 02 to 
0 03 N sodium hydi oxide The cnd-poinl was dot ei mined bv the giapbic 
method (15) 

The miciogiam-equivalcnts m the alcoholic fuiction wcic calculated bv 
the folloMing expicssion 

Microgram-equivalcnts = 1000 X n X (ml a — ml b) 
whoie X = noimality of the alkali used 

ml o = ml of alkali conBumed in tlic titration of 1 ml ofthcpjn 
dine solution of phthalic anhjdndc 
ml 1 , = ml of alkali consumed in Ihe titration of the unknovm 
sample 

Since (ml a — ml [,) is a measuic of the fiee caiboxyl gioups in the plithal 
ate half esteis, it is propoitional to the amount of alcoholic steroid 
present 

The piocediue was applied to se\ eial pine compounds (Table II) If 's 
appaient that not only an OH gioup at Ci of the steioid nucleus forms a 
half estei with phthalic acid, but also the Cn and C 20 OH gioups, m andro 
stanediol-3a,17a and picgnanediol-3a,20a:, lespectively, likewise react to 
form half esteis undei the conditions of the deteimmation 

The values obtained on repiesentative non-ketonic alcoholic ii actions 
from mine aie given in Table I (Columns 12 and 13) It is important to 
note that the values lepiesent a measuie of the hydioxyl gioups capable of 
reactmg with phthalic anhydiide under the specific conditions of the de- 
teimination, the magnitude of the value depends not only on the absolute 
amount of steroid piesent but also on the number of reactive hydroxyl 
groups piesent in the various constituent steioids Thus, the highei value 
(Table I, Column 13) for microgram-equivalents of the non-ketonic al- 
coholic fraction of pregnancy urine (as compared with the same fi action 
from normal urine) is in part due to the higher content of piegnanediol wtb 
two reactive hydioxyl groups 

Appheahon of Vlbaviolet and Infia-Red Specti omet) y— The application of 
ultiaviolet spectiometiy to steioids is limited to the detection of con- 
jugated imsatuiatcd gioupmgs Standard technique with the Beckman 
quartz spccti ophotometei has been employed Infia-ied spectiometiy 
has been used extensively in these im estigations, and the experience with 
tins procedure is the subject ot a sepaiate communication (7) 

Ncnhal Fiachon Sepaiahon Pweedwes 

SepamHon of Ketones from Non-Ketones by Girard’s Reagent T — The 
ketonic and non-ketonic constituents of the “crude neutral fiaction” were 
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separated by means of Guard’s Reagent T (16) m the usual mannei with 
10 ml of absolute ethanol, 1 25 ml of glacial acetic acid, and 1 0 gm of the 
leagent foi each 100 mg of ketosteroid piesent The ketones iveie le- 
covered from the h 5 ’-drazones by acid hydiol 5 "sis at pH 1 at loom terapeia- 
ture foi at least 16 houis, followed by contmuous e'rtiaction of the 
hj-^drolysates wuth ethei foi 24 hours The hydrolysis of certain steioid 
hydrazones is not alwa 3 ’^s complete m a peiiod shorter than 16 hours at pH 
1 and the exhaustive extraction ivith ether is necessary to effect complete 
recovery of certain highlj'^ oxygenated water-soluble steroids The 17- 


Table II 

Delerminahon of Pure Alcoholic Steroids by Formalion and Titration of Acxd 

Phthalate Esters 


Substance 

' M'eight 

1 Re8uxing 

1 time 

1 

Found' j 

1 

Calculated ^ 

Yield 


1 

Itrs 

mterogram 

eguttalents 

mterogram 

equwalenis 

ptT uni 

Androsterone 

10 02 

2 

34 1 

34 5 

99 

Etiocholaiiol-3a-onc-17 

10 73 

2 

34 9 

37 0 

94 

Dehydroisoandrosterone 

30 29 

1 

101 0 

105 0 

96 


10 21 

3 

35 0 

35 5 

99 

Pregnanol-3a one-20 

10 27 

1 

32 9 

32 3 

102 


20 00 

3 

60 5 

62 9 

1 96 

Cholesterol 

24 80 

1 

62 9 

64 3 

98 

1 

10 40 

3 

25 0 

26 9 

93 

Androstanediol-3a, ITa 

9 20 

1 

62 4 

63 Of 

99 


10 90 

3 

73 5 

74 6t 

98 

Pregnanediol 3Q:,20a 

25 47 

1 

135 9 

159 2t 

86 


25 41 

3 

156 0 

158 8t 

99 


* Titrated with standard 0 02 h NaOH 
t Calculated for 2 equivalents of acid 


ketosteioid contents of the lesulting ketomc and non-ketonic fiactions 
weie determined loutinelj", although the non-ketonic fractions mvaiiably 
gave atypical biowm colois The ketosteioid values of the ketomc frac- 
tion foi a representatn e group of individuals are given in Table I 
(Column 8) 

Fiequentlv the Giraid fractionation was repeated on both the ketomc and 
non-ketonic mateiials, since it is knowm tliat such separations are not 
stnctly quantitative A more effectiv^e sepaiation of the residual non- 
ketonic impurities is obtained bj repetition of the Girard separation after 
a pielimmarj' chromatogiaphic punfication 

Separation of Kclomc Steroids by Prccipitalion with Digilomn — The 
methods which have been emploj ed bv v anous inv estigator& for the separa- 
tion of the a- and /3-ketosteroids differ pnncipallj in the concentration of 
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aqueous ethanol used (17-19) Since Noller (20) has shown that the digi 
tomdes of diffeient steroids vaiy considerably m their solubility m alcohol, 
it appeared piefeiable to choose a standaid procedure in which the ratioj 
of alcohol, water, digitonin, and ketosteroid concentrations were constant 
The proceduie of Butlei and Mariian (21) was employed with minor modi 
fications The digitonides were precipitated fiom a 90 per cent ethanol 
solution m which the concentration of ketosteroid was 1 per cent, and that 
of the digitonin was 1 2 pei cent The amounts of a- and /3-ketosteroids so 
separated were detei mined by the Zimmermann reaction The results 
of such determinations for a representative group of individuals are given 
in Table I {a, Column 9, /3, Column 10) 

Scparahon of Alcoholic and Non-Alcoholic Non-Kctoncs with Phihahc 
Anhydnde — Attempts to separate the constituents of the non-ketonic frac 
tion by chromatogiaphic analysis met with little success because of the 
relatively large amounts of non-steroidal material Wlien, however, the 
alcoholic substances weie sepaiated fiom the non-alcoholic components, 
it was possible to achieve extensive punfication of the alcoholic fraction 
The separation was made according to the following proceduie. The 
thorouglily dried non-ketonic residue obtained from the Girard separation 
was dissolved in anhydious pyiidme, 1 ml for every 100 mg of residue 
Fleshly fused phthahc anhydnde equal m weight to the non-ketonic residue 
was added, and the mi\1,ure heated on an oil bath at 130° for 3 hours under 
a leflux condenser piotected mth a calcium chloiide tube The reaction 
mixtuie was poured into an ice and water mixtuie and exti acted three times 
with ethyl acetate The extracts were washed AVith 10 per cent sulfunc 
acid and the acid washmgs were discarded The ethyl acetate solution was 
exti acted with six separate portions of 2 n sodium hydroxide, and then the 
ethyl acetate solution was washed several times wnth water The ethjd 
acetate ivas removed by distillation under dimmished pressure, and the 
residue' was designated the “non-alcoholic fraction ” 

The combined sodium hydroxide exti acts were acidified to Congo red 
with 10 per cent sulfuiic acid and extracted with tluee separate portions of 
ethyl acetate The ethyl acetate solution was washed five times with water 
and the solvent was lemoved under reduced pressure The residue, which 
contains the phthahc half esters of the alcohols and some fiee phthahc 
acid, was convei ted to the free alcohols by the method of Chibnall (22) It 
was w eighed and dissolved m benzene and absolute ethanol, 5 ml of benzene 
and 1 ml of absolute ethanol being used for each 100 mg of sohd The 

> The resulting product contains acidic material which cannot be removed by 
repeated extraction of the ethyl acetate solution with alkali However, it can be 
readily removed by dissolving the residue in carbon tetrachloride and extracting with 
four to SIX portions of 2 n sodium hydroxide 
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solution was heated to boding, 1 5 ml of a hot 10 per cent sodium methylate 
solution were added, and the heatmg was contmued under a reflux for 10 
mmutes with frequent agitation A copious precipitate of sodium methyl 
phthalate formed The mixture was cooled to room temperature, an excess 
of water was a^ded, and the mixture was extracted ivith three portions of 
ethyl acetate The ethyl acetate extracts were combmed and washed 
several times with 2 N sodium hydroxide and with water After drymg over 
sodium sulfate, the ethyl acetate was removed under dimmished pressure, 
and the residue was weighed and designated the “alcohohc fraction ” The 
results obtamed when this procedure was apphed to pure steroids and to 
unnary extracts are presented m Table III and m Table I (Column 12) 
respectively 


Table III , 

Recovery of Crystalline Steroids by Phthalic Anhydride Separation Procedure 


Substance 

1 W'eight 

Titration 

Taken 

1 Recovered 

Taken* 

Recovered* 


mg 

mg 

per cent 

mtcrogrom 

equitolents 

mitrogram 

equxtalents 

per emX 

Dehydroisoandroaterone 

200 1 

209 9 

105 

688 

747 

109 

Pregnanediol-3(i, 20a 

130 2 

134 2 

103 

876 

804 

92 

Androstanediol-3a, 17a 

163 7 

170 6 

104 

1097 

1137 

104 


• These values are the averages calculated from at least three determinations 
made on accurately weighed aliquots of approximately 10 mg each 


The microgram-equivalents of the "alcohohc fractions” (Table I, Column 
13) were determmed by the method previously described The micro- 
gram-equivalents of the “non-alcohohc fractions” mvanably showed a 
negligible content of alcohohc compounds at this stage 
Separaltoti of Kctosleroids by Chromatographic Adsorption — The ketomc 
fractions were submitted to systematic chromatographic separation mod- 
eled on the procedure used m fractional crystalhzation In the course 
of 4 j’^ears of expenence it has been possible to introduce certam improve- 
ments into the original procedure, which have decreased the number of 
chromatograms necessary, increased the efficiency of each, and minimized 
the destruction of certam compounds The general procedure which 
follows can be modified m accordance with the valuing amount of steroids, 
pigments, oils, and other substances present In general, the ketomc 
fractions from urine samples with a high ketosteroid content are more 
readily punfied than those from samples with a low ketosteroid content 
Adsorbents and Solvents — Magnesium sibcate (No 34 obtamed from the 
Philadelphia Quartz Companj, Berkelej, Cahfomia) diluted with 1 part 
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by weight of Cebte (analytical filiei aid fiom Jolms-Manville, New York) 
were used Aluminum oxide (staiidaidized accoidmg to Biockmannfrom 
Merck and Company, Railway, New Jersey) was also employed To avoid 
variability m quality of different lots, a laige quantit}'' of aluminum onde 

1853 mg | 


Fraction I II III IV V 



Fig 1 Flow-sheet for systematic fractional chromatographic separation of o 
ketomc steroids of urine o, ligrom-benzene (1 1), b, CCb, c, CCh-benzene (1 3), 
d, CCb-benzene (1 1), e, benzene,/, ether-benzene (1 9), g, ether-benzene (1 5.8 5), 
h, ether-benzene (1 4), ether-benzene (1 3), j, ether-benzene (1 1), I, ether, h 
methyl alcohol-ether (1 49), m, methyl alcohol-ether (1 19), n, methyl alcohol-ether 
(1 9), 0 , methyl alcohol-ether (1 1), p, methyl alcohol, and q, glacial acetic acid 
The cross-hatched squares indicate magnesium silicate adsorbent, cross-hatched 
circles, aluminum oxide adsorbent, © , crystalline fraction The capital letters refer 
to Chromatograms A, B, C, etc The amounts of ketosteroids are expressed in ms 
of androsterone eqmvalents 

of Lot 41132 was pui chased and has been used tluoughout the investigU" 
tions 

The solvents were of c p oi leagent grade fiom commeicial sources 
Only the hgiom was fuithei purified by washmg with concentrated sulfuric 
acid, 2 N sodium hydroxide solution, and watei It was then dried and 
distilled from calcium chlonde 
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Chromaiograplnc Procedure — When magnesnun gihcate was used as the 
adsorbent, short, broad tubes (15 to 75 mm inner diameter X 30 cm m 
height) which had fntted glass plates sealed m just above the stop-cocks 
were found to be most satisfactory The weight of magnesium sihcate- 
Cehte mixture used was from 60 to 150 times the ketosteroid content as 
determmed by the Zunmermarm reaction The height of the column 
generally was from 1 to 3 times its diameter A thm slurrj’- of the finel 3 ' 
powdered magnesium sdicate-Cehte mixture was prepared wath carbon 
tetrachlonde or benzene and poured rapidly mto the tube The mixture 
was stirred vigorously with a glass rod and then mtrogen gas imder pressure 
from a cylmder was apphed T^Tien most of the solvent had been removed, 
a layer of glass wool was placed on the surface Under no cucumstances 
w'as the column permitted to become dry 
For chromatographic separation on alummum oxide, adsorption columns 
from 12 to 18 mm m diameter and 500 to 600 mm m height with a bulb 
of about 300 ml capacity fused to the top and a No-Lub stop-cock at the 
base were used Plugs of absorbent cotton were inserted, the tube filled 
w'lth the appropnate solvent, and the aluminum oxide poured slowlj’’ mto 
the solvent while the tube was tapped gently with a soft rubber mallet 
The stop-cock was then opened and, as the solvent flowed out, the alu- 
miniim oxide settled uniformly The amount of aluminum oxide used 
was 60 to 100 times the ketosteroid content, determmed by the Zrmmer- 
Tnann reaction, present m the fraction to be chromatographed The height 
of the alummum oxide column w'as from 20 to 30 times the diameter 
The matenal to be chromatographed was dissolved in an appropnate 
solvent (Iigrom-benzene (1 1) mixture, carbon tetrachlonde, or benzene) 
and the concentration adjusted so that the ketosteroid content was from 
2 to 5 per cent The solution was forced through the column under mtro- 
gen pressure and the vanous eluates were collected m the same manner in 
50 or 75 ml portions The chromatogram was developed bj’' emplojmg 
a senes of solvents of mcreasmg polanty m the folloivmg sequence hgroin, 
carbon tetrachlonde, benzene, ether, acetone, methanol, ethanol, and acetic 
acid Transition from one solvent to the foUowmg eluant was made bj 
usmg mixtures of the two m varymg proportions Acetone, w'hile valuable 
with magnesium sihcate columns, is to be avoided with alummum oxide 
columns because oil 3 ’’ condensation products are formed which mterfere 
with subsequent cr 3 'stalhzation of the steroids Elution with a particular 
solvent mixture was continued until no further matenal was removed from 
the column before the next solvent or solvent muxture m the senes was 
emplo 3 ’’ed The eluates w ere evaporated to di^mess on a steam bath, and 
the ketosteroid content of each routmel 3 determmed b 3 ' the Zunmermann 
reaction 100 to 260 eluates were obtamed from a tv^ncal chromatogram 
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Frachonal Chromalographic Sdparahon — As an example of the procedure 
employed, a short desciiption is given of the fi actional chromatograpbc 
separation of the a-ketomc steroids fiom the urine of a normal man (Case 
NMl, Table I) The mine specimens wcie collected for a penocl of 114 
days and amounted to 168 hteis 

A flow sheet of the chiomatogiams used m tins sepaiation is shown m 
Fig 1 The ketosteroid content by the Zimmcimann reaction of the crude 
a-ketonic fraction was 1853 mg m teims of andiosteione equivalents 

It zs important to note that the ketosteroid values expressed as androstemc 
equivalents do not by any means leprcscni either the total weight of the material 
or the true ketosteroid content hceause of the variation in chromogeme value of 
the different 17-keto, 20-kelOy and other kctonic substances present in th ex 
tracts The expression “mg of ketosteroid content” is, therefore, to be under 
stood in this particular sense, and represents a convenient index of the degree 
of punficalion or a basis for comparison with other extracts rather than an 
absolute measure of the individual components of the mixture 

The first chromatogram (A, Fig 1) was cairied out with 110 gm'of 
magnesium sihcate-Celite mixture and gave a lOugh separation into five 
fractions The first fraction (AI), eluted with 450 ml of carbon tetra- 
chloride, had a ketosteroid content of 732 mg The second fraction (All), 
eluted ivith 370 ml of caibon tetrachloiide, had a ketosteroid content of 
426 mg In the tlurd fraction (AIII), 300 ml of benzene-caibon tetra 
chloride mixture (1 3) and 300 ml of benzene-caibon tetracliloride (1 1) 
yielded 270 mg The fourth fiaction (AIV), eluted with 450 ml of ben- 
zene, 450 ml of ether-benzene mix'tuieCl 1), and 450 ml of ether, contained 
362 mg Ihe fifth fraction (AV) was eluted with 450 ml of methanol 
and 300 ml of glacial acetic acid This highly pigmented fraction had a 
ketosteroid content of only 17 mg A total of 1426 mg of ketosteroids 
was thus lecovered from the 1853 mg oiigmally deteimined The dif- 
ference between these two values does not indicate an actual loss of 427 
mg , rather, the discrepancy is due in part to elimmation of non-specific 
chromogens m the course of the purification, and m part to the accumula- 
tion of errors from the numerous ketostei oid determinations 

Because separation with Girard’s Reagent T is moie efficient after an 
mitial chi omatogram, each of these five fractions was agam submitted to 
a Girard separation in order to remove the non-ketonic impurities still 
present For example, mdigo led, present m relatively laige amounts in 
Fraction AIII could now be removed almost completely from the ketonic 
fraction by the Guard separation, whereas consideiably less could be re- 
moved by lepeated treatment of the crude neutral material with Guard’s 
reagent prior to chiomatogiaphy The use of the Guard sepaiation befoie 
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each of the subsequent chiomatograms was extremely valuable, since it 
reduced to half the numbei of chromatogiams necessary to achieve satis- 
factoiy separation and purification 

Fractions AI and All veie chiomatographed on alumina (Chiomato- 
giams B and D) Chiomatogram B was started wth 1200 ml of hgroin- 
benzene mixture (1 1) and contmued with 900 ml of benzene, 900 ml of 
ethei-benzene mixture (1 9), 1500 ml of ethei-benzene mixtuie (1 5), 
1200 ml of ether-benzene imxture (1 4), 300 ml of methanol, and finally 
150 ml of glacial acetic acid The material present in the benzene-hgiom 
eluate (Fraction BI) shoved absorption in the ultraviolet region which 
mdicated the presence of matenal containmg a conjugated diene sj'’stem 
similai to that in A® ^-androstadienone-17 Fi om the benzene fraction 
(BII) ciystallme material meltmg at 176° was obtamed The third frac- 
tion (Bill) (ether-benzene 1 9) vas non-ciystalhne and was lechiomato- 
giaphed m Chromatogiam J The fourth fraction (BIV) (ether-benzene 
1 5 and I 4) contained impure androsterone which nas lechiomatogiaphed 
m Chiomatogiam H The methanol fractions (BV) were combmed mth 
Fraction All and rechromatographed in Chiomatogiam D The last 
fraction, eluted with acetic acid (Fiaction BVI), vas rechromatographed 
m Chiomatogram F 

Fraction AIV was lechiomatogiaphed (Chiomatogiam C) on the mag- 
nesium sihcate-Cehte mixture The fiiBt eluate nas obtamed with 600 
ml of benzene-carbon tetiachloiide mixture (1 1) (Fraction Cl), subse- 
quent fractions were obtamed mth 300 ml of benzene, 450 ml of ether- 
benzene mixture (1 9), 450 ml ot ethei-benzene mixture (1 4) (Fraction 
CII), mth 300 ml of ethei-benzene (3 7) and 300 ml of ethei (Fraction 
CIII), and 300 ml of methanol (Fraction CnO None of the fractions 
yielded crystalline material Each fiaction nas combmed mth similar 
fractions from the other chiomatograms, fractionated with Girard’s Re- 
agent T, and lechromatogiaphed as shomi m Fig 1 In this manner a 
nearly quantitative separation of the steroids was achieved The sharp 
separation obtained is illustiated in Table W, nhich shows m detail 
Chiomatogiam H, in nluch the diasteieoisomere, androsterone and 
etiocholanol-3a-one-17, were separated 

Resulls of C'hiomatograpJnc Scparahon — ^Tlie eluates luve been dnided 
arbitiarih into three groups The first (No I), “early” gioup, is eluted 
before androsterone The second (Gioup II), “middle” group, consists 
of androsterone and etiocholanol-3a-one-17 The third (Group III), 
“late” gioup, repiesents substances eluted aftei etiocholanolone Table 
V gi\ es a summarj' of the results of the fractional chromatographic analj sis 
of the a-ketonic steioids of Case NMl It shows the t-rpe and amoimt of 
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Table IV 


Chromatogram H (Cf Ftg 1), 400 Mg ,* Kctostcrotds Chromatographed on 70 Gm 

of Aluminum Oxide 


Frac- 

tion 

No 

Eluent 

Volume 
o( eluent 

Keto 

steroid 

recovered 

Mp 




ml 

m* 

'C 

1 

Benzene 


150 



2 

tt 


150 

3 7 


3 

tl 


300 

15 5 


4 

it 


300 

19 8 

lGO-165 

5 

ti 


300 

4 9 

Oily 

6 

ti 


300 

1 6 

tt 

7 

Ether-benzene 1 9 

300 

15 1 

tt 

8 

ti 

1 9 

300 

13 1 


9 

H 

1 9 

300 

1 9 


10a 

It 

1 9 

75 

2 7 

177-184 

b 

tl 

1 9 

75 

3 8 

178-183 

c 

tt 

1 9 

75 

5 0 

178-183 

d 

n 

1 9 

75 

8 0 

178-183 

11 

It 

1 9 

4X75 

36 9 

178-183 

12 

tt 

15 8 5 

4X75 

67 3 

178-183 

13 

tt 

15 8 5 

4X75 

48 7 

178-183 

14 

tt 

15 8 5 

4X75 

36 1 

178-183 

15 

tt 

15 8 5 

4X75 

29 0 

178-183 

16 

it 

15 8 5 

4X75 

22 3 

178-183 

17 

tt 

15 8 5 

4X75 

15 7 

178-183 

18 

tt 

15 8 5 

4X75 

11 5 

178-183 

19a 

tt 

15 8 5 

75 

2 4 

178-180 

b 

tt 

15 8 5 

75 

2 5 

180-182 

0 


15 8 5 

75 

2 7 

136-146 

d 

tt 

15 8 5 

75 

2 7 

130-143 

20 

ft 

16 8 5 

4X75 

8 1 

136-143 

21 

tt 

1 4 

300 

9 9 

136-143 

22 

ft 

1 4 

300 

10 1 

136-143 

23 

ft 

1 4 

300 

9 1 

136-143 

24 


1 4 

300 

8 5 

136-143 

25 

tt 

1 3 

300 

8 4 

136-143 

26 


1 3 

300 

17 4 

143-146 

27 

ft 

1 3 

300 

2 9 


28 

tt 

3 7 

300 



29 

ft 

3 7 

300 



30 

tt 

2 3 

300 



31 

tt 

2 3 

300 



32 

tt 

1 1 

300 



33 

Ether 


300 



34 

Methyl alcohol 

300 

2 4 


Total 

449 6 



Remarks 


Fraction HI, re 
I chromato- 
' graplied in J 

I (c/ Fig 1) 




Fraction HII, 
androsterono, 

< 292 mg (c/ 
j Table V, Frao- 
I tion 5b) 


Fraction Hill, 
etiocholanol- 
3o-one-17, 80 

mg {cf Table 
V, Fraction 6b) 


Fraction HIV 

[ 

Fraction HV 


• Androsterone equivalent in the Zimmermann reaction 
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Tabi-b V 

Summary of Fracltons Obtained from Systematic Chromatographic Separation of 
a-Ketonic Steroids (See Fig 1) 


Chromatogram 

! Fraction No 

1 

Amount* 

Nature of fraction 

Group I (“early”) 



*nt 


B 

1 and 2 

129 

M p 108-110°, mi\ture of A’ '-androstadi- 




enone-17 and A*-androstenone-17 and 
gum 

" J 

2 " 3 

46 

M p 125-155° and gum 

J 

3 

12 

" 160-165° 

" K 

4 and 5c 

59 

“ 120-135° and gum 


Group II (“middle”) 


J 

4 

23 

Mp 

176-180°^ 



D 

5a 

209 

tt 

180-183° 


H 

5b 

292 


180-183° 



K 

5c 

5 

(i 

176-180° 



D 

6a 

152 

tt 

140-144° 



H 

K 

6b 

6o 

80 

222 

tt 

tt 

141-143° 

140-146° 


Etiocholanol-3a-one-17 

L 

7 

41 

It 

140° and gum 



Group III (“late”) 


N 

8 

8 

Gum 

U 

9 

91 

M p 188-189°, etiocholanol-3a dione-11,17 




and gum 

tt 

10 

27 

Gum 

M 

11 

30 

(( 

Total recovery 


* 

Initial amount 



Recovery, % 

77 



* Androsterone equivalents 


Table VI 


Reproducibility of Chromatographic Separation 


Eluates 

a Eetonic fraction 

1 

Aliquot A 

Aliquot B 


Ptr cen! 

per cent 

Early 

19 

20 

Middle 

68 

57 

Late 

23 

23 
























250 


STCnOIB MrTAnOMSM I 


the difieient ciystdllme compounds isolated as well as tlic fiactions 
which gave a positive Zimmcimann loaction ljut fiom vliich no cn^stalline 
mateiial was obtained 

Repi oducibihty of Results — Tlic icpioducibilily of tlic icsulls of a typical 
chiomatogiaphic sepaiation of tvo aliquots of the same in me, when stand- 
aidized pioceduies aie employed loiitinelv, is shown in Table VI It mil 
be seen that similai values weic obtained by chiomatogiaphmg t,wo equal 
poitions of an extiact fiom a pool of uiiiic of iionnal males The differ- 
ences between the lesults of the tvo scpaiations aie not significant 

DISCUSSIOA 

Since the uimary steioids aie evcieted m con 3 ugated foim, the only 
piacticable method foi obtaining all of the fiee compounds is by means of 
acid hydiotysis Quantitative isolation of the conjugated steroids as such 
IS impiactical foi the pin pose of this investigation, since little is knowTi about 
the natiue of the conjugates Onl}'- a few glucuiomdes (23-26) and etheieal 
sulfates (27-29) have been isolated fiom human iiime Certain conjugated 
as w'ell as fiee steioids aie affected b}'- 1 datively mild acid hj diolysis, lead- 
ing to the foi-mation of such tianstoimation pioducts as A®-®-andiosta- 
dienone-17 (1, 30, 31), '*’-andiostenone-17 (1, 27, 32-35), 
andiostenol-3a-one-17 (30), and chloiodehydioisoandiostcione (30, 36, 
37) It IS knowm that the adienal cortical-hke actmty which can be 
demonstiated in ethylene dichloiide extiacts of unhydiotyzed mine is 
lost aftei acid hydiolysis (38), this may be i elated m part to the fact that 
the ^-hydioxjd gioup at Cu of the adienal cortical steroids is ehmmated by 
heating with acid, with the pioduction ot the coiiespondmg A® compounds 
(39, 40) Theie seems to be little likelihood that a single method of hy- 
drolysis will be found which will cleave all conjugated steioids wuthout 
anj’’ change in the pioducts of hj'^diolysis Tiansfoimations maj'' occui 
at the time the conjugates aie cleaved, and, hence, aie not necessarily the 
result of the piolonged action of the hydiogen ion on the imconjugated 
steioids The failuie to pievent these clianges by simultaneous evtrac- 
tion dining hydiolysis is in agi cement wuth this concept (41) Neverthe- 
less, the chemical structiue of the tiansfoimation pioduct is of consideiable 
importance m the lecognition and elucidation of the stiuctuie of the un- 
alteied compound as excieted in the mine, and maj’" contiibute to the 
development of a method foi its isolation The method of acid hj^diolysis 
described w'as adopted with its limitations fully m mind Regaidlessof 
the inadequacies of this method, the results obtamed aie compaiable, since 
the same pioceduies w^eie used thioughout the expermients 

The quantitative detennination of the non-ketonic alcoholic steioids 
by titiation of the phthalate halt esteis presented some difficulty when 
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applied to cnide unnaiy evtiacts, despite the fact that very acceptable 
lesults Mere obtained in model e\’periments "mth pure steroids (Table II) 
The disci epanc 3 ^ may be due m part to the difficulty encountered m remov- 
mg the last traces of ethanol and water from large amoimts of crude oity 
extracts In addition, relatively small ahquots are taken routmely, and 
small errors are greatly magmfied vhen calculated back to the total weight 
of the mitial extract The procedure is helpful, however, m foUowmg the 
pi ogress of punfication of the “alcoholic fraction,” the results of furthei 
apphcation of this method vtU be dealt -with m subsequent reports 
The method of cleavmg the phthalate half esters by ester exchange is 
similar to that used b}^ Chibnall (22) The alcohols recovered from the 
phthalate half esters were amber-colored semicrystallme oils, while the 
“non-alcohohc non-ketomc” fractions were mscoas led oils and compnsed 
60 to 90 per cent of the matenal which did not react with Girard’s Reagent 
T The separation of these fiactions mto their components wall be the 
subject of further communications 

The a- and ^-ketosteioids were not separated into alcohohc and non- 
alcoholic components bj'- the phthahc anhj^diide method smce it was de- 
sired to avoid treatment with alkah The separation of the non-alcohohc 
components was easily effected m the course of the chromatographic anaty- 
sis and so the use of the phthalate method presented little advantage 
Separation of unnarj”- steroids by chromatographic methods has been 
emploj'ed bj' many other investigators The choice of a proper adsorbent 
for chromatographic separation presents considerable difficulty, since the 
cnteria of selectmty, a\ ailabihty, and unvarjang adsorptive capacity are 
seldom encoimtered m a single product Two requirements are very im- 
portant for the mvestigations herein reported (1) the compounds must 
not be changed bj'- the chromatograph 5 '-, and (2) the lepioducible results 
must be obtamcd on steroid mixtures legardless of the source of the mix- 
tures It has been shown, foi example, that rearrangements and saponifica- 
tion of esters can occur on alumma (37, 42-43) The exTpenence of this 
laboiatoij proves that at least one compound,- a |3-ketosteroid wnth an 
Q;,/3-unsatuiated carbonjl group, melting at 23&-240'’, and with an absorp- 
tion maximum at 237 m^i, w'hich was isolated from the unne of a patient 
wath an o\anan tumoi, was unstable on a column of alumma A small 
amount of this compoimd was obtamcd bj' elution mth ether contammg 
1 per cent methanol Another less pure sample of the same substance with 
a colonmetnc ketosteroid ^ aluc of 190 mg was rechromatographed on alu- 
mma in an attempt to punfj it The oity eluatcs which were obtained 
could not be crj stallized and had a colonmetnc \ aluc of onlj 90 mg In 


* Compound B6 (0) 
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complex mixtuies of unknowm compositions, it is very difficult to determine 
whether substances have been changed during a chromatographic separa 
tion, since the available ciiteria for the recovery of all of the onginal 
material are based on coloiimetiic measuiements or determinations of 
weight Of the many adsoi bents tested as substitutes foi alumina, mag- j 
nesium sihcate was found to give the best lecoveiy in terms of both weight j 
and chromogenic value This product is not as selective as alumina, or as 
poweiful an adsoibent, but it is extremely useful for material which can be 
eluted from alumina only with highly polar solvents Compounds (late 
group. No III) winch can be eluted fiom alumina only with methyl al 
cohol-ether mixtures with some loss of material can be eluted from mag 
nesium sihcate with ether-benzene mixtuies without loss or obvious altera 
tion 

Because the recovery of the eaily (Group I) and middle (Group II) 
groups of ketosteioids appeared to be satisfactoiy when alumma is used, 
and losses weie encounteied only m those fractions wffiich were eluted 
after etiocholanol-3a-one-17, the piocedure (as illustrated m the section 
“Fractional chromatographic separation”) was devised to take advantage 
of the adsorptive properties of both alumma and magnesium silicate (Fig 
1) A piehminary separation was accomphshed by chromatographing the 
crude extiact on magnesium sihcate-Celite mixture (Chromatograni A, 
Fig 1) From tins adsorbent the steioids of the early and middle groups 
were eluted with caibon tetrachloride and benzene-carbon tetrachlonde 
(1 4) mixtures In the gieat majoiity of ciude fractions a sharp band of 
red pigment (mdigo red) moved slowly do^vn the column with these solvents 
(44) Examination of the eluates (usually benzene-carbon tetiachloride 
(1 4) and (1 1)) m winch this red pigment was present levealed that the 
principal steroid constituent was etiocholanol-3a-one-17 Therefore, all 
the red pigment eluates and those which were subsequently eluted with 
more polar solvents were considered to contain the late fractions (Group 
III) together with etiocholanolone These weie combined and lechroma- 
tographed on magnesium sihcate This piocedure not only separated the 
early and middle fi actions from the more strongly adsorbed late one, but, 
what IS more important, it accomplished the separation of the relatively 
labile late fractions without submittmg them to the moie drastic condi* 
tions encountered with aluminum oxide By combining suitable eluates 
from different chromatograms and rechromatographing on the appropriate 
adsorbent (Fig 1), complex mixtures were resolved mto their components 
(Table IV, Chromatograph H) With some structurally similar com* 
pounds, such as A® ^-androstadienone-17 and ('’•■3>-androstenone-l7, 
or isoandrosterone and dehydroisoandrosterone, a partial separation is 
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achieved only after repeated chromatography, however, most substances, 
mcludmg diastereoisomers, were separated easily 

In the course of this mvestigation over 300 extracts of urme have been 
separated by chromatographic adsorption procedures With precisely 
defined conditions of a fixed sequence of solvents, the steroids are mvanably 
eluted in the same order Never, for example, has pregnanolone been 
eluted before allopregnanolone, or etiocholanolone before androsterone 
This does not imply that impure samples of a particular steroid will always 
be eluted mth a particular solvent mixture, for the elution of any given 
compound is markedly influenced by the impurities which accompany that 
substance Under identical exqierimental conditions a pure compound is 
alwaj'^s eluted from the adsorbent by a particular solvent, an impure sub- 
stance IS eluted by a less polar solvent or mixture of solvents Neverthe- 
less, the steroids are mvanably eluted m the same relative order regardless 
of the presence or absence of impunties As punfication of the steroids 
progressed, more and more of the matenal eluted was crystallme or could 
be crystalhzed readily The charactenzation of these crystallme com- 
pounds IS the subject of Paper II (6) 

An example of the reproducibihty of the results of a chromatographic 
separation is given m Table VI This illustrates that very satisfactory 
results can be achieved with chromatography Even if much laiger errors 
were accumulated durmg the sequence of separation procedures, thej'' would 
be of much smaller magnitude than the vanations that arise spontaneously 
m the state of health or disease 


SUMMARY 

1 A descnption is given of the methods densed to determme the quali- 
tative and quantitative vanations between the patterns of steroid excretion 
in human urme m health and m disease, mcludmg neoplastic growth 

2 The methods descnbed include the procedures which have been stand- 
ardized (a) for the collection, hydrolysis, and extinction of unne, (6) for 
the separation of the ether-soluble matenal into acidic, neutral, and phe- 
nolic fractions, (c) for the separation of the neutral fraction mto ketonic, 
non-ketonic alcoholic, and non-ketonic non-alcoholic fractions, and (d) for 
the separation of the ketonic and of the non-ketomc alcohohc fractions mto 
the digitonm-precipitable and digitonm-non-precipitable components 

3 The method for the S 3 'stematic chromatographic adsorption analj'’sis 
of the ketonic fractions has been descnbed 

4 Examples of the results obtamed by the apphcation of these methods 
have been presented 

5 It is concluded that the methods descnbed are satisfactoi^ for the 
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sepaiation and isolation of the constituents of the unnaiy steroid excretion 
patterns in health and m disease 

The authors express then deep appi cciatioii lo33i Thomas T Gallagher 
and Di Edwaid C Reifenstem, Ji , foi then gencious and valuable as- 
sistance in the picpaiation of this manusciipt 
The authois aic indebted to Shiiley Dobunei, ^Vnn Geeiing, Edna Gor 
don, Lucie B liaiiton, Rosemane Lehman, Ida Moigan, iMildied Paidon, 
Bernadette Piaetz, Madeleine Stokeni, Iicne TiefTeisen, and Veronica 
Wanen foi technical assistance 
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II IDENTIFICATION AND CHARACTERIZATION OF ICETOSTEROIDS 
ISOLATED FROM URINE OF HEALTHY AND DISEASED PERSONS* 
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This paper reports the chemical investigation of steroids isolated from 
the unnes of normal and diseased persons by the methods of extraction, 
hydrolysis, and partition descnbed m Paper I of this series (8) In the 
course of the study a total of forty-two apparently homogeneous and non- 
identical substances have been encountered Twenty-six of these have been 
fully charactenzed and identified, the other sixteen are charactenzed and 
are probably new ketosteroids Twelve of the fully identified compounds 
have been isolated from unne by previous investigators * The present re- 
port thus describes thirty* fully or partially charactenzed substances not 
encountered previously in human unne Of the total of forty-two keto- 
steroids to be descnbed, thirty-five are classified as a-hydroxy compounds 
because they are not precipitated by digitomn, the other seven form spar- 
ingly soluble digitomdes and are therefore designated as ^-hydroxy com- 
pounds Reference has been made to only a few examples of the chnical 
conditions in which a particular compound was excreted, subsequent re- 
ports will deal specifically with the steroid excretion patterns associated 
ivith vanous chmcal states 

• The authors gratefully acknowledge the assistance of the Frances and Sidney 
Brody Charitable Fund, the Jane Coffin Childs Memorial Fund for Medical Research, 
the Commonwealth Fund, the Anna Fuller Fund, the Abert and Mary Lasker Foun- 
dation, the Adele R Levy Fund, the Eh Lilly Fund for Steroid Research, the Now 
York Foundation, the Sidney Rheinstein Fund, the Mose Rippa Fund, the Felix M 
and Frieda Schiff Warburg Foundation, the Afred P Sloan, Jr , Research Fund, the 
Teagle Fellowship Fund, and the Whiting Foundation Preliminary Reports have 
been presented (1-7) 

t Sloan Kettenng Institute 

t Harvard Universitj 

§ Finney -Hon ell Fellow 

> Citations to the literature are giien in the experimental sections dealing with 
these tweh e compounds 

• Included in the thirty compounds are the acetates (Compounds A6, A8, and A9) 
of three previously isolated steroids 
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STEROID METABOLISM II 


Relahonshtf of Sequence of Elution to Chemical Nature of Compounds 

The steioids isolated aie desciibed in the expeiimental section m the 
sequence of then elution fiom aluminum oxide and magnesium silicate col- 
umns In Table I the a-kctonic steioids (those not, piccipitated by digi- 
tonm) aie listed in the oidci m which they aic eluted in the s 5 ^steraatic 
chiomatogiaphic pioceduie The |3-ketonic steioids aie listed in Table II 
The fact has been emphasized pveviously (8) that the sequence of com- 
pounds obtained in a standai dized chi omatogi am is ah\ ays the same Al- 
though a numbei of the compounds listed m Tables I and II MCie not 
legulaily encounteied in the uiinc of all individuals studied, if piesent thej 
nere invaiiably eluted in the i dative positions indicated in the tables As 
an example, allopicgnanol-3a:-one-20 (Compound A17) and piegnanol-3a- 
one-20 (Compound A18) (which aie absent fiom the mine of noimal male 
subjects but occui in the mine of picgnant %\omen) always aic eluted aftei 
andiostanedione-3,17 (Comiiound A12) and ctiocholanechone-3 , 17 (Com- 
pound A13) and piioi to andiosteione (Compound A20) and etiocholanol- 
3a;-one-17 (Compound A24) It would, of couise, be eiioneous to assume 
that a compound must be piegnanol-3a-onc-20 because it is eluted between 
andiostanedione-3,17 and androsteione, since the possibilitj'' exists that a 
pieviously uniecogmzed compound may be eluted in this position It has 
been found that m the piesence of laige amounts of stei oids, of unusual mL\- 
tuies, 01 of impuiities, the sequence of elution of the compounds is the eamc 
but each compound is eluted by a less polai solvent than is lequiied to 
elute it w hen m the pm e state Accoi dinglj'’, no conclusion as to the natiiie 
of the compound in an eluted fi action can be diawn fiom the paiticulai 
eluting solvent employed, noi can a compound be identified b^’’ its position 
in the chi omatogi am (9) Adequate chemical and ph 3 ’-sical (10) chaiactei- 
ization must be made of each substance befoic its idcntitj'’ can be estab- 
lished With complex mixtuies such as the ketonic fi actions fiom human 
unne, sepaiation ma)'^ not be accomplished if onlj'- a single chi omatogi am is 
emplojmd By a proceduie which will be teimed “fiactional chiomato- 
giaphic analj^sis” imolving seveial chi omatogi ams, such sepaiation may 
be achieved The ease of sepaiation of closelj’’ lelated compounds vanes 
consideiably Ceitani diasteieoisomeis, loi example aiidiosteione-etio- 
cholanol-3a-one-17, can be sepaiated complete^’’ aftei two or thiee chro- 
matogiams This is tine also foi the pans andiostanedione-3 17-etio- 
cholanedione-3 , 17 and allopicgnanol-3a-one-20-piegnanol-3Q:-one-20 lu 
geneial the sepaiation of the satuiated fiom the unsatuiated steioid ana- 
logues piesents great difficulty (11) Even aftei numeious chiomatogiams 
only a partial sepaiation of mixtures of dehydioisoandrosteione (Com- 
pound B4) and isoandrosteione (Compound B3) is possible Similaily, 
mixtures of A® ®-andiostadienone-17 (Compound A2) and ^^-andros- 




Table I 

Unnary a-Kelomc Steroids 


Empirical formula Identifying charactenstics 


A1 248-252° 
A2 


A’ ‘-Androstadienone-17 




CuH.sO 


I M p 78-84°, semicarbazone, 
m p 295-296°, ovime, m p 
156-161° 


M p 109-111°, [cr]D = +148°, 
fietnicarbazone, m p 290- 
291°, OMHie, m p 156-158° 


A’ f”' ’)-Aiidro3tenon0'17 


3 Chloro A®-androstenonc 
17 

135-136° 

0 

. II 


CieH.rOCl M p 155-157°, Wd = +17 6° 


C-iH Os M p 91-92°, acetate of Com- 
pound A24 


Etiocholanol-3a-one-17 ace- 
tate 3 
A7 117-118° 


A‘‘i’>-Androstcnol 3a one 
17 acetatc-3 


C-iHs Os [ajo = +108°, oMnie, 

C.iHsaO N, ni p 172-177° 

C iHioOs "M p 179-180°, {q]d = +115° 
free hjdro\j ketone, m p 
176-176 5°, Wd = +122° 
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Table 1—Conlinucd 
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STEROID jnSTABOLIBAr 11 




Substance 


17-Isopregnatiol-3a-one-20 


Empincn! formula IdcntifyinR characteristics 


C2iH340j M p 143-145°, Wd ■= -740 9°, 


acetate, m p 164-167“ 


CiaHssO. M p 169-170°, [ajo “ -M61“ 


A“-Etiocholenol-3a-one-17 


CjaHsoOs M p 143-144°, 150°, Wa = 
4 - 111 °, acetate, m p 92- 
93 5°, benzoate, m p 164- 
164 6°, oxime, m p 220- 
225°, dimtrophenylhj dra 
-zone, m p 225-226° 


Etiocholanol-3«-one-17 
A25 185-186° 

A26 174-175° 


CjiHjiOa 

CjiHjiOa 

C 19 H 30 O 3 


M p 199-200°! [a]D = -t-98 4° 
acetate, m p 240-242° 


Androstanediol-Sof, 11/9-one- 
17 


CmHjsOj M p 188-189°, [o:]d = "1-95 8°, 
acetate, m p 163-164°, (ajo = 
-}-145° 


Etiocholanol-3a-dione-ll, 17 
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1'able 1— Concluded 


— 


1 



Com 

pound 

No 

Substance 

Hmptrical formula 

Identifying cbaractenstics 

A29 

A30 

235-237° 


CiiHjiOs 

Mp 219-219 5°, lah = 
+64 5°, acetate, m p 201- 
202°, oxime, m p 247-250° 


M 





Pregnanediol-3a, 17a-one-20 



A31 



C-iHuOj 

M p 195-196°, [ajo = +105°, 
diacetate, m p 155-156°, 
oxime, m p 288-291° 



H 

! 


A32 

A33 

A34 

A35 

A]lopregnanediol-3o(,6-one-20 

192-194° 

230-233° 

238-241° 

172-176° 

CjiHjiOj 

Wd = +66 3°, diacetate, m p 
128-129°, dimtrophenylhy- 
drazone, m p 234-238° 


tenone-17 (Compound A3) are difficult to resolve Similar expenences 
veie encounteied ivith mixtures of androsterone (Compound A20) and A®- 
androstenol-3o!-one-17 (Compound A21), and -with mixtures of A®-etio- 
cholenol-3a-one-17 (Compound A23) and etiocliolanol-3a-one-17 (Com- 
pound A24) Hov ever, the components of these mixtui es can be separated 
bv indirect methods such as chromatograph 5 '- of the epox 5 ’’ denvatives (11) 
A con elation can be made between chemical constitution and relative 
ordei of elution in this as in other series (12), and Table III presents the 
generalizations that can be made on the basis of the present experimental 
results Derivatives of the alio senes (Rmg A-B trans) are always eluted 
befoie the corresponding denx’-atives of the normal senes (Rmg A-B cis) 
Tlus holds true foi the diKetones (Compounds A12 and A13), for the Cn- 
monohj'droxjf ketones (Compounds A17 and A18) and for the Cis-mono- 
hvdrox^ ketones (Compounds A20 and A24) Similar niles apph to the 
small number of ketosteroids which are precipitated bj digitonm 
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Table II 

Urinary fi-Kcfnmc Sicroiih 


Com 

pound 

No 


Substance 


CH3 


C^O 



B2 


B3 


A* -Allopregnononc-20 


CH3 

C=0 



0 



Isoandrosterono 


Empirical formula Idcntifjing characteristics 


a,II«0 M p 127-129°, [ajo ■= +133°, 
an insoluble digitonicle, 
scmicarbazonc, m p 260° 


CjiITj^Oj 


M p 19-1-195°, [alo = +912°, 
acetate, m p 144-116° 


CijIImOj 


Mp 175-176°, Wd =■ +82 0°, 
benzoate, m p 210-211° 


B4 


B5 

B6 

B7 


0 



CieHssOj 


M 137-138°, [«]p ■= +10 
acetate, mp 166-166 5, 
benzoate, m p 256-257° 


Dehyd roisoandrosterone 


272-275' 

238-240' 

209-210' 


CjiHjoO 


3 Absorption maximum at 237 3 
m/I, log e = 4 07, acetate, 
m p 175-176° 

s [alo ■= +98 9°, diacetate, m p 
102 5-103 5°, oxime, m p 
275° (decomposition) 
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The relationship between structure and ease of elution sometimes pro- 
vides a clue to the nature of an unknown compound Thus tentative pre- 
dictions can be made of the structures of those substances listed in Tables 
I and II that have not as yet been fully characterized Another useful 
application is in the search for substances that on biochemical grounds 
might reasonably be assumed to be present For instance, the isolation and 
identification of A®-androstenol-3a-one-17 (Compound A21) and of A®-etio- 


Tabee III 

Order of Elulion of Steroid Types 


Steroid type 

Compound No 

Aluminum oxide column 

1 Monolvctones 

A2, A3 A4 

2 “ with one acetoxy group 

A6, A7, AS, A9 

3 Diketones 


(a) Allopregnane senes 

AIO 

(6) Pregnane “ 

All 

(c) Androstane “ 

A12 

(d) Ctiocholane “ 

A13 

4 Monoliydroxy monoketones 


(a) Allopregnane series 

A17 

(b) Pregnane “ 

AIS 

(c) Androstane “ 

A20, A21 

(d) Etiocholane “ 

A23, A24 

Magnesium silicate column 

5 Dihydroxy monoketoncs, C 19 

A27 

6 Monohydroxy diketonts, C 19 

A28 

7 Dih 3 droxy monoketoncs, C-21 

1 A30, A31* 


* The exact order of elution of some of the compounds on magnesium silicate 
columns has not been finally established in si) instances Tor example, whereas 
Compounds A27, A28, and A30 t\ ere eluted in this sequence from the same chromato- 
gram, Compound A31 has not been found in the presence of these three compounds 
and hence its order of elution in relation to them cannot be stated exactly 

cholenol-3a-one-17 (Compound A23) was greatly facilitated by these pre- 
dictions 

Transformahon Products — Certain steroids isolated from unnes are rec- 
ognized as transformation products ansing in the acid hjdrol^'sis (13, 14), 
through acet 3 lation m the h 3 ’’drol 3 ’’sis of the Girard derivative, or from nng 
enlargement or other rearrangement reaction occumng on the aluminum 
oxide column (15-17) Molecular rearrangements have not been encount- 
ered in the present nork, but the other 137105 of changes ha\e been noted 
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The unsatluated Compounds A2, A3, A4, A21, A23, and B1 undoubtedly 
result fiom the elimination of a hydiovyl gioup at CS oi Cn duiing hydrol- 
ysis, m each case the double bond mtioduced can occupy tivo alternate 
positions, and One instance a\ as noted of the acid-catalyzed 

epimeiization at the caibon atom caiiyong the side chain, IT-isopiegnanol- 
3o:-one-20 (Compound A22) 

The partial conveision of stcioid constituents into then acetates occurs 
m the couise of the hydiolysis of the steioid betaine cliloiide hydiazones 
As a means of minimizing the loss of the moie natei -soluble steroids, the 
hydiolysate is e\tiacted continuously uith ether , with the result that acetic 
and hydiochlonc acids accumulate in the etheieal solution and produce 
small amounts of acetylated steioids Compounds AG and AG aie aceto\j 
compounds and Compound A8 has been identihed as the acetate of a”'”- 
andiostenol-3a-one-17 In addition to esteiification, etheiification of stei- 
oid alcohols has recently been lepoited to occur dining tlie tieatment mth 
Girard’s Reagent T (18) 

The lecognition of certain compounds as i ear i angement oi transfoimation 
products enables one to deduce the nature of then precursors as excreted in 
the urine It must be emphasized, theiefoie, that a compound isolated 
fiom mine loses none of its significance because it is classed as a tiansfoi ma- 
tron product 

Stniciuial and Metabohe Rehkonship of Unnaiij Stooids to 
Thet') Hoimonal Piecwsors 

To deduce the source of a given steioid isolated fiom mine by coinpaiing 
its structuie with that of a knonm hoimone is tempting There aie indica- 
tions, howevei, that such infeiences may be completely misleading Foi 
example, one cannot assume that urinary stei oid metabolites inth 19 caibon 
atoms® must arise from the hormone winch similaily possesses 19 caibon 
atoms, testosteione, smee andiosteione and etiocholanolone also aiise from 
dehydioisoandrosteione (19) One cannot exclude the possibihty that 
some 01 all of the C-19 compounds aie metabolites of C-21 piecmsois 
Furthermore, the C-21 uiinaiy steioids^ aie the excretion products of such 
different hormones as piogesteione, desoxycorticosteione (20-22), and 
piobably othei adrenal cortical steroids The only compounds whose pre- 
cursors can be detei mined by chemical analogy with any assurance are those 
which are “structurally labeled” because they letain a specific stiuctuial 
group characteristic of many adrenal cortical hormones, for example, tlie 
Cii-OH (Compound A27), the A® double bond (Compounds A21 and A23), 

=> Compounds A2, A3, A4, A6, A7, AS, A9, A12, A13, Alt, A20, A21, A23, A24, A27, 
A2S, B3, and B4 

' Compounds AlO, All, A17, A18, A22, A25, A2Q, A30, A31, A32, Bl, B2, B6, and B7 


LIEBERSIAK, DOBRIKER, HILL, EIESBR, AJiH RHOADS 


273 


the Cu ketone group (Compound A28), or the Cir tertiary hydroxyl group 
(Compound A30) 

In spite of the difficulty in assigning a precursor to each of the compounds 
isolated in this mvestigation, a consideration of the chemical structures of 
these metabohtes reveals certam regulanties vhich imply that the conver- 
sions of the steroid precursors to their unnary metabohtes foUov metabohc 
rules For example, three of the four possible isomenc configurations at 
C 3 and C 5 vere found m the C-19 senes (androsterone (I), etiocholanol-3a- 
one-17 (II), and isoandrosterone (III)), three of the four possible isomers 
vere foimd in the C-21 senes (aUopregnanol-3a-one-20 (I), pregnanol-3a- 
one-20 (II), and alIopregnanol-3)3-one-20 (HI)), m both the C-19 and C-21 
senes the same isomenc configuration (Fig 1 , RO was absent The tvo 
Cs diastereoisomers of the 3 , 17-diketones (andiostanedione-3,17 and etio- 
cholanedione-3 , 17) were isolated m the C-19 senes, and the two Cs dia- 


HO 



1 





stereoisomers of the 3,20-diketones (allopregnanedione-3,20 and preg- 
nanedione-3,20) have been found in the C-21 senes These facts support 
the thesis that there exist common pathways m steroid metabohsm, as has 
been suggested by several mvestigators (23, 24) 

"UTiether similar general principles apply to those C-19 steroids vluch 
contam a ketonic group at Cu or a Cu-OH group remams to be ascertamed 
It IS difficult to assume that the same metabohc niles of conversion appl 3 ^ 
to the precureors of this C-19 senes, because, of the eight possible isomers 
contaimng a Cu-hj''droxj 1 group, onlj tvo (androstanediol-3cr,ll/S-one-17 
(Compound A27) and A®-etiocholenol-3a-one-17 (Compound A23)) ha\e 
been isolated, and of the four possible isomei-s contaimng a Cu-carbonjd 
group, onlj’^ one (etiocholanol-3Q:-dione-ll,17 (Compound A 28)) has been 
found llffiereas tn o of these C-19 compounds (A27 and A2S) are com- 
monlj' found in the unne of normal indinduals, the third (Compound A23) 
occurs verj' infrequently 

The isolation of these three C-19 compounds (A23, A27, and A28) struc- 
turallj' labeled at Cu strong!} suggests that adrenal cortical hormones v hich 
possess 21 carbon atoms are degraded to C-19 metabohtes, and m general 
ma} be precursors of some of the C-19 steroids excreted in unne 

V comparison of the structures of the steroid metabohtes with those of 
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known hormones suggests that ceitain of the possible ketonic intermediates 
are probably piecuisors of the metabolites, whereas others arc not Thus, 
the available data leave no room to suppose that oithei 3-lceto-17-hydro\y 
C-19 steroids or 3'keto-20-hydio\y C-21 steioids e\ist as mteimediates 
On the other hand, seveial diketones have been encounteicd C-19, m the 
urme of normal peisons (androstanedione-3,17, etiocholanedione-3,17), 
C-21, in the mine of piegnant women (allopiegnanedione-3,20) and m the 
urine of a woman with adrenal coitical hypeiplasia (pregnanedione-3,20). 
There is no conclusive evidence to show whetliei these diketones are raeta- 
bohc intermediates or final products, but the fact that biochemical reduc- 
tion of a Ca ketonic gioup always piecedes reduction of such a group at Cn 
or C 20 indicates that the satuiated diketones very piobably are intermedi- 
ates m steroid metabolism Fuithermoie, since the present evidence indi- 
cates that negligible quantities of steroids aie evcreted in a non-conjugated 
form, one ivonders how diketones of this type v hich lack hydroxyl groups 
are conjugated and excieted 

In the case of some of the metabolites listed m Tables I and II, it is diffi- 
cult to formulate any speculation with regaid to the possible precursors 
Thus allopregnanediol-3a,6-one-20 (Compound A31) contams a hydroxyl 
group at Ce, whereas no knoum steroid hoimone possesses an oxj'gen sub- 
stituent at this position 

Consideration of the structuie of the known hormone piecursors leads to 
certain implications concerning the structure of steroid metabolites isolated 
from urine Although seveial of the steroid hormones contain an a,/?- 
imsaturated carbonyl gioup in Ring A, urmaiy metabolites containing this 
grouping have not been lepoi ted pi 101 to the piesent investigation and have 
now been isolated in only small amounts It may be that these substances 
are present only when the daily steroid excietion is large and some of the 
precursors are incompletely metabolized, 01 when the metabolism of the 
steroids is abnormal The isolation of two such substances, A^-androstene- 
dione-3,17 (Compound A14) and Compound B6, pioves that a,/S-unsatu- 
rated ketones can be excieted and are therefoie present in the circulation 
The fact that they aie encountered only rarely and m small amounts sug- 
gests that in the noimal course of metabolism the unsaturated substances 
aie converted to saturated denvatives that are common constituents of 
unne 

The leduction of a A^-unsaturated diketone can lead to two isomenc 
saturated diketones, and the isolation of one pan of such substances in the 
C-19 series (Compounds A12 and A13) and of another pair in the C-21 
series (Compounds AlO and All) indicates that such reduction does indeed 
represent a metabolic process 

Theoretically, the reduction of both the A^ double bond and the C»- 
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carbonyl group can lead to four isomenc configurations, but m both the 
C-19 and the C-21 senes only three of the four possible compounds have 
been isolated and invanably it is the substance of the configuration IV {Fig 
1) that IS missing The most likely sequence of events leading to the three 
knorm types of isomers is saturation of the ethylenic linkage, followed by 
reduction of the carbonyl group It is, of course, possible that these iso- 
mers are formed from different precursors, and that the resemblance be- 
tween these urmary metabohtes is a superficial one based upon chemical 
analogy 

One unique structural charactenstic of the known adrenal cortical hor- 
mones IS the presence of a hydroxyl group at C 2 J Although no urinary 
steroids contaming this distinguishing side chain have been isolated, chem- 
ical tests based upon the reducing properties of such ketols have been 
applied (25-29) and the results have indicated that steroid ketols are pres- 
ent m the urine of both normal and diseased persons Studies of the meta- 
bohc fate of desoxycorticosterone m animals and in man indicate that the 
organism is capable of reducing the primary alcobohc group at C 21 , 
— COCH 2 OH — COCH 3 A second characteristic grouping present m 
some of the hormones of the adrenal cortex is the tertiary hydroxyl substitu- 
ent at Ci 7 The Cu-hydroxylated metabohtes isolated in this mvestigation 
(Compound A30) and in other work (17, 30, 31) were obtained only from the 
urine of diseased persons but they evidently are derived from hormones of 
the adrenal cortex That such steroids have not been found m the unne 
of normal persons may well be due to the fact that they are mtermediates 
in the normal metabolic degradation of this type of C-21 hormones to C-19 
metabohtes (32) The presence of a hydroxyl or carbonyl group at Ca m 
three of the compounds isolated from unnes (Compounds A23, A27, and 
A28) IS strong evidence that these substances are metabohtes of cortical 
steroid precursors 

Physiological activities charactenstic of certain adrenal cortical steroids 
and apparently associated with the presence of specific chemical groupings 
(oxygen at Ca, ketol side chain, a,/5-unsaturated ketone) have been ob- 
served in bioassays of vanous crude fractions extracted from unnes (33-35) 
No metabohtes have as yet been charactenzed vliich contain the combina- 
tion of these structural groupings apparentlj’^ necessary for marked cortical 
activity (36, 37), although each of these groupings has been found alone in 
one or more isolated compounds 

An attempt has been made to denve from the chemical structure of the 
isolated steroid metabohtes some know ledge of the nature of their hormonal 
precursors, and to deduce from special structural features of possible pre- 
cursors a relationship to the metabolites that ha\e been isolated Exact 
knowledge of the relationship between the steroid metabohtes and their 
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precuisois is fundamental for an evaluation of the role of these hormones 
in noimal and abnomal phj^siology, and foi an inierpreiation of the sigmfi 
cance of the uiinaiy steioids in health and in disease 

EXPERIMENTAL® 

a-Ketosle) aids 

Hydi ocaibon , — ^^^aiious investigatois have desciibed the isolation 

of hydiocarbons fiom human mine Hart and Northiup (38) isolated two 
substances, one (CjvHsc) was insoluble in methanol and melted at 58-59°, 
and the othei (CjsHea) was soluble in methanol and melted at 52-54° 
Markei (39) desciibed a hydi ocarbon (CssHss) melting at 63° A discussion 
of the chemistiy and somce of these hydrocarbons has been given recentl} 
(40) 

Durmg the course of this investigation a wa\y substance has been iso 
lated fiom many diffeient mines It is usuall}’’ the hist material to be 
eluted fi om alumina ivith hgroin Soluble m ethei , hgi oin, oi ethyl acetate 
and rathei insoluble in methanol, it was ciystalhzed as waxy plates from 
acetone, m p 53-55° It was sublimed at 10~^ mm at 70-80° foi analysis 

Analysts — CjsHoo Calculated 0 86 18, H 14 81 
Found " 84 89, “ 16 00 
“ 84 76, ” 15 25 

Compou7id Al S48-SSS° — This substance was isolated m traces from the 
urme of two patients, one with cancel of the breast (Case CaBFlO), and 
the othei with cancer of the prostate (Case CaPl) It was eluted from 
alumma with hgroin and was ciystalhzed fiom dilute methanol, mp 248- 
252° 

Compound A2 ^-Androsiadienone-17 — ^Tlns compound was previ- 

ously isolated from the uiine of a man (14) and a woman (41) each hanng 
adienal cortical tumois In this study it was found in the mines of most 
noimal men and women and of subjects vuth adrenal dysfunction (1) In 
most instances this substance was recognized by its absorption maximum 
at 240 m^ and then isolated as its insoluble semicarbazone, the ciystalhza- 
tion of the fiee ketone was difficult and unceitam A few mg of the com- 
pound, eluted from alumina vnth. hgroin-benzene mixtures (4 1), weie iso- 
lated fi om the uiine of a girl with adrenogemtal syndi ome due to an adrenal 
h 3 '^peiplasia (Case AHF2) It was leciystallized from dilute methanol and 
melted at 78-84° When mixed with an authentic sample (m p 84-87°), 
it melted at 78-84° 

^ The nucroanalyses reported herein were performed by the courtesy of "Dr 
Elek, The Rockefeller Institute for Medical Research, New York The melting points 
were taken in a Hershberg melting point apparatus and are correct to about ±1° 
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The semicarbazone i^as lecrj’^stalhzed from dio\ane and melted m a pie- 
heated bath at 295-296° ith decomposition 

Analysis — C-oH-sN^O Calculated, N 12 84, found, N 12 63 

"WTien mLxed "u ith an authentic sample, it melted at 295° Dr R N Jones, 
to iihom ne are greatly indebted, measured the ultraviolet spectium of this 
semicarbazone in dioxane Smee it shoved the same absorption maximum 
as the free ketone, it could be differentiated by this procedure from the 
semicarbazone of A=-androstenone-17 (Compound A3), vhich has a similar 
melting pomt (m p 290-291°) 

The oxime prepaied from a less highly punfied sample melted at 152- 
157° It did not depress the melting point of an authentic sample of =- 
androstadienone-17 oxime melting at 156-161° 

Compound AS A-^’" ^'>-Androslmone-17 — This substance v as previously 
isolated from the pooled unnes of noimal persons (42, 43), from the unne 
of ovanectomized vomen (44), from the unne of a man vith cancel (42), 
and fiom the unne of a man vith testicular tumor (45) In the investi- 
gation heiem lepoited it vas found m the urine of noimal men and vomen 
and m the unne of subjects with adrenal dyscrasias (1) (Cases AHFl and 
AHM4) It vas eluted from alumma with benzene and was lecrystalhzed 
from aqueous methanol, it melted at 109-111° Frequently samples veie 
obtained v hich melted as high as 115-119°, and did not depress the meltmg 
pomt of the lovei meltmg samples The possibihty exists that these 
highei meltmg fractions (reported also by Hirschmaim (44)) contain othei 
isomeis of androstenone, such as the A' (since the location of the double 
bond m the isomei melting at 109-111° is still not certain), oi the A='°' 
etiocholenone-17 "When mixed mth A-‘®' ’>-androstenone-17 (m p 108- 
108 5°), kindly supphed b 3 " Dr H Hirschmann, theie v as no depression m 
the meltmg pomt [a]n® = -}-148° (11 50 mg in 2 98 ml of 95 per cent 
ethanol) 

Analysis— CitPL >0 Calculated, C 83 77, H 10 30, found, C 83 93, H 10 37 

Hirsclimann (44) reported a meltmg pomt of 107-109°, [a]o® = 4-152° 

The oxime vas leciystalhzed from dilute methanol and melted at 156- 
158°, Pearlman (42) reported 153-154° 

Analysis— CiiR-tOts Calculated, C 79 40, H 10 10, found, C 79 47, H 10 03 

The meltmg pomt of the oxime vas depressed on admixture vith the 
oxime of A’ ^-androstadienone-17 The semicarbazone of A"''’'' *>-andros- 
tenone-17 decomposed at 290-291 5° and shoved no absorption m the ultra- 
violet region of the spectrum 

Compound 44 S-Chloro-A^-androstcnonc-17 — ^This substance has been 



278 


STEROID METABOLISM II 


previously isolated fiom pooled normal male uime (46) and from the urino 
of patients with an adienal cortical tumor (31, 41) In this investigation 
36 mg of the compound were isolated fi om the urine of a man with femi 
nism due to an adienal hypeiplasia (Case AIIMl) It was eluted from 
alumina uath hgi oin-benzene (1 4) mixtuie and when crystallized from dilute 
methanol it foimed needles melting at 155-157° A mivtiire of this com- 
pound with an authentic sample of chloiodchj'-dioisoandiosterone showed 
no depiession of the melting point [a]u* = +17 6° ± 6° (5 09 mg in 2 98 
ml of cliloiofoim) Butenandt and Giosse (46) reported a melting point 
of 155-157°, = + 14° (chlorofoim) 

Analysts — CieHj.OCl Calculated C 74 36, H 8 89 
Found “ 73 77, “ 8 77 

“ 74 99, “ 8 92 

Compound AS 185-136° — ^About 3 mg of this substance were isolated 
from a pool of human piegnancy urine (Case PPl) It was eluted from 
alumina with hgiom-benzene (3 1) mixture On recrj'^stallization from 
dilute methanol, plates were obtained which melted at 135-136°, and w+ch 
depressed the melting point of Compound A15, m p 132-134° 

Compound A6 Ehocliolanol-3a-one-17 Acetate-S — ^This compound was 
isolated from the pooled urine of noimal men (Case NMPl) It was eluted 
fiom alumina with benzene-hgiom (1 3) and after two reciystallizations 
from hgiom (b p 30°) melted at 91-92° It did not depress the meltmg 
point of an authentic sample of etiocholanolone acetate The semicarbazone 
of the urinary substance melted at 254-255 5° and likewise did not depress 
the melting point of the semicaibazone made from etiocholanolone acetate 
Hydiolysis of the isolated steroid with potassium carbonate m aqueous 
methanol solution yielded etiocholanol-3a-one-17, m p 143-144 5°, [ajl^ = 
+115° d; 5° (3 98 mg m 2 00 ml of ethanol) 

Compound A7 117-118° — ^This compound w^as isolated from the urine 
of sevei al normal pei sons It ivas eluted fi om alumina with ligi oin-benzene 
(1 1) togethei Avith Aii^^5-androstenol-3a-one-17 acetate-3 (Compound A8) 
The mixture of these tivo compounds ivas dissolved m ethei , and hgroin was 
added to the solution until incipient tuibidity The substance ivhich crj^s- 
talhzed first was Compound A8, which is described below The mother 
hquor w as concentrated to dr3mess and the residue was leciystallized several 
times from hgrom A product meltmg at 117-118° ivas obtamed Ap- 
proximately 30 mg of the compound were isolated from a 154 day urine 
collection of a noimal subject When mixed ivith ®Landrostenone-l7, 
mp 110°, the meltmg point was depressed The test for unsatuiation 
with tetramtiomethane was negative Hd" = +108° ± 5° (6 34 mg m 
2 98 ml of ethanol) 
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The mfra-red spectrum of this substance mdicates that it, hke Compounds 
A6, A8, and A9, also contams an aceto-^ group 

Analysts — CjiHajOa Calculated, C 75 85, H 9 71, found, C 75 88, H 9 86 

The oxime prepared in the usual ivay was crystallized from dilute methanol 
as tmy needles It melted at 172-177° 

Analysts — CiiHnOjN Calculated, C 72 58, H 9 57, found, C 72 34, H 9 57 

Compound A8 A^^^^^-Androsienol-Sa-one-17 AcelateS — ^Found m the 
unne of several normal persons and in the unne of a male eunuch with an 
adrenal hjTierplasia (Case AHM4), this compoimd was isolated together 
mth Compound A7, mp 117-118° Both compounds nere eluted from 
alumma with hgroin-benzene (1 1) and their separation is descnbed above 
Compound A8 crystallized as long needles from hgrom or acetone-water 
mixtures and melted at 179-180°, [q:]o^ = -|-115° ± 2° (9 45 mg in 2 00 ml 
of ethanol) 

Analysts — CjtHjcOj Calculated C 76 32, H 9 15, acetyl 13 02 
Found “ 75 65,“ 9 52, “ 13 06 

It gave a yellow color with tetramtromethane and m the modified Zimmer- 
mann test 1 0 mg gave a color eqmvalent to 1 1 mg of dehydroisoandros- 
terone When mixed with the acetate of A“<^^-androstenol-3a-one-17 
(m p 177-179°, Wd* = -f-114° ± 5° (m ethanol)) (41), the mixture melted 
at 175-181° 

40 mg of A“f^’-androstenol-3Q:-one-17 acetate-3 were dissolved in 2 5 
ml of methanol and 20 mg of potassium carbonate dissolved m 0 3 ml 
of v ater n ere added to the solution After standing overnight the mixture 
nas heated under a reflux for 1 hour and then poured onto ice and water 
The precipitate was filtered and washed and, after drjnng, weighed 29 mg 
After tw 0 recr3’-stallizations from acetone-hgrom, the compound melted at 
176-176 5°, = -f 122° d= 3° (6 88 mg m 2 00 ml of ethanol) men 

admixed wath A“<^^-androstenol-3o:-one-17 (m p 180-182°, [ajn® = -fl22° ± 
2°) (41), it melted at 176-177° 

The material used for rotation (6 88 mg ) was dissolved in 0 5 ml of P3m- 
dmeand0 05ml of benzoyl chlonde was added The solution w as heated 
for 1 hour on the steam bath, after which it was poured onto ice and water 
The oil which precipitated was extracted wath ethyl acetate The extract 
w as w ashed w ith dilute sulfunc acid solution, wath 10 per cent sodium carbon- 
ate solution, and wath water After drjang over sodium sulfate, the solvent 
was removed A yellow oil was obtamed which was purified by chromato- 
graphmg on alumma The fraction (6 mg) eluted wath benzene was re- 
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ciystallized tiMcc ivith ligioin, and melted at 163-104° Theie \ias no 
depiession Mheu the pioduct was mL\ed W'lth A”f''^-andiostenol-3a-one-17 
benzoate-3 piepaied by Wolfe, Fiesci, and Fiiedgood (41) 

Compowul A9 Amh osia o)ic Acciaic — ^Tlns compound w^as isolated 
fiom the pooled mine of noimal men (Case NMPl) It w^as eluted from 
alumina wnth hgiom-benzene (1 1) and w'hen leciystalhzed from ether- 
hgiom melted at 161-166° On hj’-drolysis with potassium caibonate m 
aqueous methanol solution, andiostcione, mp 183-185°, w’as obtained. 

= -{-98 4° =b 1° (10 1 mg m 101 ml of ethanol) There iias no 
depiession in melting point wdion mi\ed with an authentic sample of andros 
teione 

Convpound AlO Allopicgnancdtone-S ,20 — ^This compound has not been 
isolated pienously fiom human mine It w’as obtained from a pool of 
human pregnanc 3 ’’ mine (Case PPl) and was eluted fiom alumina with ben 
zene '\Wien cij^stallizcd fiom an acetone-watei (1 2) mi\tme, it melted 
at 199-200° and upon admixtiuc with an authentic sample of allopreg 
nanedione-3,20, it gave no depiession in meltmg point 

The oiange bis-2,4-dinitiophen3dhvdiazone'of this compound was pro 
paied and lecij^stallized fiom absolute methanol It melted at 207-211° 
and did not depiess the meltmg point (208-211°) of the bisdmitiophenyl 
hydiazone piepaied fiom an authentic <?amplc of allopiegnanedione-3,20 
Co7i2ponnd All Piegnancdwnc-3 ,20 — About 3 mg of tins substance 

w^eie isolated fiom the mine of a woman with adrenal hypeiplasia of the 
adrenogenital type (Case AHF2) It w as eluted fi om alumina w ith benzene 
and W'hen leciystalhzed fiom ligioin (b p 30°) melted at 120-122° I^Tien 
mi\ed with an authentic sample of piegnanedione, m p 120-121°, theie was 
no depiession m meltmg point The infia-ied spectia of both specimens 
weie identical 

The bisdinitiophenydliAdiazone of the piegnanedione isolated fiom nunc 
melted at 251-253° and did not depiess the meltmg point of thelydiazone, 
m p 250-252°, made fiom authentic piegnanedione 

Compound A12 Andi oslanedtonc-S , 17 — T his substance has not beer 
pieviously lepoited to be piesent m human mine About 50 mg were 
isolated fiom a pool of mine fiom noimal men (Case NMPl) and w'omer 
(Case NFPl) and fiom the mine of a noimal man (Case NM4) The com' 
pound was eluted fiom alumina wath hgroin-benzene (1 3) and aftei le 
ciystallization fiom cither ethei-hgiom oi aqueous acetone, it crystaUizec 
as silky needles melting at 132-134°, [a]” = -{-112 5° =h 2 5° (408 mg n 
2 00 ml of ethanol) It did not depiess the meltmg point of an authentu 
sample of andiostanedione-3, 17 Butenandt ci al (47) lepoited a meltinj 
point of 133°, [a]2® = -f 111° (m ethanol) The sample for analysis iva; 
prepared by sublimation m high vacuum at 100° 

ATzaij/sjs— CitH-sO.. Calculated, C 79 12, H 9 78, found, C 79 24, H 9^7 
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The b]sdjnitrophen 3 'lhj’-drazone Ras prepared from G mg of the dione and 
10 mg of 2,4-djmtrophenylhj’’diazme dissolved m 3 ml of methanol con- 
tainmg 2 drops of concentrated hydrochlonc acid bj'' heating under a reflux 
for 1 horn The orange precipitate was filtered and recrj’-stalhzed from 
chloroform-methanol mixture, m p 253-256° It did not depress the melt- 
ing pomt of the bisdimtrophenylhydrazone prepared from an authentic 
sample of androstanedione-3 , 17 

Analyse— CtiSziOti^s Calculated, N 17 28, found, N 17 00 

Com'pound A13 EhocholanedimeS ,17 — This substance was found m 
traces m the unne of normal men and women, m the urmes of three women 
with hypertension (Cases HF3, HF4, and HF5), and of one woman with 
Cushmg’s disease (Case CSF2) The crystaUme dihetone was isolated 
from the fractions eluted from alumma with benzene On recrj’-stalhzation 
from hgrom it melted at 130-131°, = -M12° ± 7° (2 77 mg m 2 00 

ml of ethanol) It did not depiess the meltmg pomt of an authentic 
sample The analytical sample was prepared by sublimation in lugh 
vacuum 

AnaZjisis-CisH-jOj Calculated, C 79 12, H 9 78, found, C 79 13, H 9 88 

Butenandt el al (48) reported a melting pomt of 128°, [o:]^ = 4-115 2° 
(in ethanol) 

The bisdimtrophenylhydrazone melted at 263-264° and did not depress 
the melting point of an authentic sample (4) 

Analysis — CjiHjtOjNj Calculated, N 17 28, found, K 17 00 

Compound Al4 A*-Androsienedtane-3 ,17 — ^This compoimd hasnot been 
reported to be pi esent m human unne It v as isolated m this studj' from the 
unne of a man v ith adrenal hyperplasia (Case AHM 1) The compoimd was 
eluted from alumina inth benzene and crj’stalhzed from hgrom (b p 60°) 
After several recrj'stalhzations it melted at 170-171 5°, [a]n® = -|-196° ± 4° 
(2 55 mg in 2 00 ml of ethanol) When mixed with an authentic sample of 
A^-andiQstenedione-3,17, the mixture melted at 170-172° The compound 
shoved an absorption maMmum at 239 m/i, log e = 4 20 (m ethanol) Its 
infra-red absorption spectrum vas identical vith that of the authentic 
sample (10) 

Compound Alo 132-134° — ^About 4 mg of this substance vere isolated 
from the unne of a male eunuch intb adrenal h 3 'perplasia (Case *iHj\I4) 
This compound vas eluted from alumma with benzene and depressed the 
meltmg pomt of Compound A5, m p 135-136° 

Compound AW 117-121° — ^AboutCmg of this substance ii ere isolated 
from the extract of a large pool of human pregnanc 3 ' unne (Case PPl) It 
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was eluted from alumma Bith ether-benzene (1 3) mixture and when re 
crystallized fi om ligi om melted at 117-121° It depressed the melting point 
of Compound A7, m p 117-118°, of Compound A19, m p 120-125°, and of 
pregnanedione-3,20, Compound All, m p 120-122° 

Compound Al7 Allopi egnanol-8a-one-20 — This compound has been 
pieviously isolated fiom human piegnancy unne (49) and in this investiga 
tion it was likeivise isolated fi om piegnancy ui me (Case PPl) It was eluted 
from alumina Both ethei -benzene (I 9) mixtuie immediately preceding its 
isomer, piegnanolone (Compound A18) It B’as recrystallized from aque 
ous methanol to a melting point of 174-175°, [afj = -}-95 7° ± 2° (1557 
mg m 2 98 ml of ethanol), also [«]“ = 96 G° ± 1° (22 51 rag m 2 98 ml 
of ethanol) Markei el al (49) reported a melting point of 162-lGf, 
[a]D° = +91 0° (m ethanol) Butenandt and Heusner (50) reported 
173-174° 

zlnaZyszs— CjiHsiO. Calculated, C 79 19, H 10 70, found, C 79 34, IT 10 89 

The acetate was prepared and when recrystallized from ligroin melted 
at 140-142° Oxidation of the hydioxy ketone Both chiomiura trioxide 
gave allopiegnanedione-3,20, which, after several recrystallizations from 
acetone, melted at 201-203°, = +117° db 4° (7 65 mg in 2 98 ml of 

ethanol) It did not depress the melting point of an authentic sample 
Butenandt and Mamoli (51) reported a melting point of 200 5°, Hd “ 
+ 126 9° (in ethanol) 

Compound A18 Prcgnanol-Sa-one-SO — This compound has been isolated 
pieviously fi om the urine of pregnant Bmmen (52, 53) In this study it was 
isolated fiom the unne of pregnant B'omen (Case PPl), of a male eunucli 
with adienal hyperplasia (Case AHM4), and of twm Brnmen wath adreno 
genital syndrome due to adienal hj'^peiplasia (Cases AHFl and AHF2) 
Each subject excreted about 40 mg m a 24 day collection of urine Tl*® 
compound Bms isolated in large amounts from a pool of human pregnancy 
unne It was eluted fiom alumina Bath ether-benzene (1 9) mixture im 
mediately following allopregnanol-3a-one-20 (Compound A17) 
crystallized fiom benzene, it foimed long needles melting at 148 5-149 5 , 
Wd” = +107° ± 2° (20 14 mg in 2 98 ml of ethanol) Butenandt and 
Muller (54) reported a melting point of 148-149°, [a]{,® = +113 8° ± 1 2° 
(in ethanol) When mixed Bath a sample of pregnanol-3a-one-20 kindly 
supplied by Dr W H Pearlman, there was no depression of the melting 
point 

.l7jaZ2/sz5-C:,H„02 Calculated, C 79 19, H 10 76, found, C 79 09, H 10 52 

The acetate was lecrystalhzed from aqueous methanol and melted at 
94-97 A mixture with an authentic specimen melted at 95-98° 
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Compound AID 1W-12B°— About 15 mg of this substance -ivere iso- 
lated from the extract of a large pool of human pregnancy urine (Case PPl) 
It rias eluted from alumina ■mth ether-benzene (1 9) mixture together with 
androsterone, from Aihich it rias separated by fractional crystalhzation 
Recrystalhzation from hgrom yielded a sample melting at 120-125°, rihich 
depressed the melting point of pregnanedione-3,20 and of Compound A16, 
mp 117-121° 

Compound A£0 Androsterone — Androsterone has been previously 
isolated from the unne of normal men and v omen (13, 43, 55-58), castrated 
men (59), ovanectomized women (44), pregnant women (52), women with 
breast cancer (60), and of patients with testicular tumor (45), adrenocortical 
tumor (41, 61), and adrenocortical hjTierpIasia (31) In this investigation 
it w as isolated from everj urme with the exception of certain patients with 
cancer, with Cushing’s s}’ndrome, and of a patient with an adrenal tumor 
This substance is the first constituent of the “middle” (8) fraction, and is 
usually eluted from alumina with ether-benzene (1 9) mixtures For 
analysis it w as crystalhzed from methanol-water, hgrom-acetone, and finally 
from acetone It melted at 184-185°, [a^ = -f97 7° rt 2° (14 24 mg m 
2 98 ml of ethanol) , Ruzicka el al (62) reported a melting point of 182-183°, 
Wd = +94 6° (ethanol), Butenandt (63) 178°, Hd” = +93° (ethanol), 
and David and Freud (64) 180-181 5°, (ajp = +96° (ethanol) It gave 
no depression m melting point when mixed with an authentic sample of 
andiosterone 

ArJalysts — ChIIjoOi Calculated, C 78 57, H 10 40, found, C 78 97, 11 10 04 

The acetate was recrystalhzed from aqueous methanol and from hgrom 
and melted at 160-162°, [a]^® = +87 4° ± 3° (8 24 mg m 2 00 ml 
of ethanol) It did not depress the melting pomt of an authentic sample 
Androsterone benzoate, reci^^stalhzed from methanol, melted at 179-180°, 
[ajo® = +3 4° ± 5° (5 83 mg m 2 CO ml of ethanol) 

Compound A21 A^-AndrostenoI-Sa-onc-17 — ^Ihis substance, which has 
been found previously m human unne (65), was isolated m this investiga- 
tion (7) from the unne of normal men (Case NMP2) It w as eluted from 
alumina with ether-benzene (1 4) mixture and crystallized from hgrom 
(bp 60°) as long needlesmeltmg at 187-187 5°,[a]“= +136°±5°(4 llmg 
m 2 00 ml of ethanol) From the corresponding ll-/3-hjdroxj (Com- 
pound A27), Mason and Kepler (31) S 3 'nthesized A®-androstenol-3a-one-17 
with a melting pomt of 189-190° and a specific rotation of +140° ± 2° 
(m ethanol) The melting point of the steroid isolated in this laboratory 
from urine w as not depressed on admixture w ith the authentic compound 
generously made available to us by Dr H L Mason The infra-red spectra 
of the two samples were identical 
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Compound A22 H-Isopt c(inanol-3a-onc~20^' — Tins compound, piepared 
by Moffett and Hoehn (66), has not been Intbeito isolated fiom natuial 
souices It was found m a pool of human picgnancy in mo (Case PPl) 
and was eluted fiom alumina with ethei -benzene (1 10) '\^^len reciystal 

hzed fiom ethei -ligioin, it melted at 143-145°, = —38 9° (9 97 rag m 

2 98 ml of ethanol) Moflett and Plochn (66) lepoited 142 5-144°, [aj^ = 
-40 9° ± 5° 

Analysis — C 2 iH 3402 Calculated, C 79 18, H 10 77, found, C 79 39, H 10 81 

The compound depiesscd the melting point of lioth ctiocholanol-3a-one-17, 
mp 143-144°, 150°, and piegnanol-3a-one-20, mp 148-149° There Mas 
no depression when it was mixed with 17-isopiegiianol-3a-one-20 The 
acetate when leciystalhzed fiom dilute methanol melted at 154-157° When 
mixed with the acetate of 17-isopiegnanol-3a-one-20, there was no de 
pression in melting point 

Compound A28 A''-Etiocholmol-3a-one-17‘^ — ^This substance was iso 
lated from the urine of a patient wuth cancel of the bieast (Case CaBFlG) 
Its presence has been established also m the uimc of ceitain patients with 
cancel of the pi estate, Ijunphatic leucemia, essential hypertension, and 
Cuslnng’s syndrome It was eluted fiom alumina W'lth ethei -benzene 
(3 7) mixtuie and aftei seveial leciystalhzations fiom acetone melted at 
169-170°, [a]f = -bl51° ± 4 5° (2 25 mg m 2 00 ml of acetone) It was 
identified by direct compaiison wnth an authentic sample piepaied by Dr 
L H Saiett, w^ho kindly made it available to us 

Compound A 24 Ehocholanol-3a-one-17 — ^This substance w'^as fust iso 
lated by Butler and Maiiian (30) from the urine of a woman with vuilism 
It has also been isolated fiom the iiime of normal men (43, 55) and normal 
W'omen (57), from the mine of castiated men (59) and castrated WDraen 
(44, 61), fiom the mine of w^omen wnth adienal tumois (31, 41) and with 
adrenal cortical tumor and adrenal cortical hj’perplasia (31, 30), as well as 
from the urine of women with bieast cancel (60) This compound ivas 
found in most of the unne specimens examined It was alw'^ays eluted fioni 
alumina after its isoraei andiosteione with ether -benzene (1 4) mixtuic 
It wras leciystalhzed from benzene-hgioin mixtures to a constant melting 
point of 143-144° wnth a second melting point of 150°, = -{-111° ±3° 

(10 48 mg in 2 00 ml of ethanol) Wlien mixed wath an authentic sample, 
Its melting point wras not depressed 

Analysis-CitBioOi Calculated, C 78 57, H 10 40, found, C 78 74, H 10 27 


We are indebted to Dr W H Hoehn for having suggested that Compound A22 

w as identical with his synthetic product and for making available to us this compound 
and its acetate 

^ A prcliimnary report of tins substance has been made (6) 
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The acetate after several recrystalhzations from aqueous methanol melted 
at 92-93 5° and there was no depression of the meltmg point when this prep- 
aration was mixed with an authentic sample of etiocholanol-3a-one-17 
acetate 

The benzoate prepared m the usual manner was recrystallized from 
methanol and melted at 164-164 5°, [aJl® = -4-111° ± 3° (8 11 mg in 2 00 
ml of ethanol) The oxime of etiocholanol-Sa-one-l? was recrystalhzed 
from ethyl acetate and melted at 220-225°, = -1-66 2° ± 7° (2 72 mg 

in 2 00 ml of ethanol) The dinitrophenylhydrazone melted at 225-226° 

Compound A25 185-186° — ^This compound was isolated from the urme 

of a girl with adrenogenital syndrome due to adrenal hyperplasia (Case 
AHF2) It was eluted from alumma with acetone-ether (19) mixture 
When recrystalhzed from benzene-hgioin (1 5) nuxture, it formed clusters 
of silky needles melting at 185-186° It depressed the meltmg point of 
Compound A28, m p 188-189°, and also of A^t^^-androstenol-Sa-one-W, 
mp 180° 

Analysis — CjiHjiOj Calculated, C 75 40, H 10 25, found, C 75 41, H 10 69 

Compound A26 174~i76° — ^From the urme of a girl with adrenogemtal 

syndrome due to adrenal hyperplasia (Case AHF13) about 10 mg of a 
compound meltmg at 174-175° were obtained It was eluted from alumma 
with ether-benzene (1 1) mixture and was crystallized from a mnxture of 
ether-hgrom This substance depressed the meltmg pomt of Compound 
A8, m p 179-180°, and of Compound A35, m p 172-176° 

Analysis — CjiHsjOi Calculated, C 75 85, H 9 71, found, C 76 03, H 9J77 

Compcnmd A27 Andros{anediol-Sa,116-one-17^ — ^This substance has 
been isolated previously by Mason and Kepler from the urme of normal 
women (31), of three patients with adrenal cortical tumors, and of four 
patients with adrenal cortical h5q3erplasia (31, 68) It has also been iso- 
lated from a young woman suffering from vinlism (65) In this investiga- 
tion it was isolated from the urme of a male eunuch mth adrenal hjqier- 
plasia (Case AHM4) and also fiom the urme of patients with Cushing’s 
syndrome (Case CSFPl) It vas eluted fiom alumma Mith acetone-ether 
(1 4) mixtures and from magnesium silicate-Celite vith ether-benzene 
(3 7) mLxtures The substance ciq'stalhzed from cithei acetone-ligroin or 
benzene-ligi om niLxtures as small needles meltmg at 199-200°, [a]“ = 
-4-98 4° ± 3° (3 66 mg m 2 00 ml of ethanol) 

• Mason and Kepler (31) first drew attention to the fact that the melting point and 
empincal formula of this compound, as published in a previous report from this 
laboratorj (2), were identical with that of the androstanediol-3a,ll^ one 17 the) iso 
latcd from human unnc 
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Analysis — CicHuoOj Calculated, C 74 44, H 9 87, found, C 74 30, H 10 21 

This substance, when mi\ed wnth a specimen of androstanetIiol-3a,- 
ll/S-one-17, kmdl}'- supplied by Dr II L Mason, showed no depression m 
the melting point The infia-rcd spectia of both samples were identical 
The acetate, piepaied with acetic anhydiidc in pyndme solution, wasre- 
crystallized from acetone-ligi oin and melted at 240-242° When niL\ed 
nith an authentic sample of the acetate kindly made available by Dr 
R I Dorfman, theie was no depiession in melting point The infra-red 
spectra of the two specimens neie identical 

Compound A^8 Bkocholanol-Sa-dione-ll ,n {6 ) — ^Tliis compound was 
isolated from the majoiity of uimes examined It wns eluted from alu- 
mina with ether containing 0 5 pei cent methanol and from magnesium 
silicate wuth ethei -benzene ( 1 3) mixtuies It w as reci ystallized from ether- 
hgioin mixtiues to give long needles, mp 188-189°, [afj = -}-95 8° ± 
3° (9 64 mg in 2 98 ml of ethanol), w'hich did not depress the melting point 
of a sjmthetic sample of etiocholanol-Sa-dione-ll,!?, generously made 
available to us by Di L H Saiett 

4naZ2/si5~CitH280a Calculated C 74 97, H 9 27 
Found “ 75 00, " 9 54 
“ 75 28, “ 9 29 

The acetate wms piepared in the usual way from acetic anhydride in 
pjTidine and was purified by chromatogiaphing on alumina The fiactions 
W'hich w'ere eluted with benzene-ligroin (1 1) mixtuies were recrystallized 
from ethei -ligroin and melted at 163-164°, [alJ,® = -f 145 4° ± 2° (5 86 mg 
in 1 04 ml of ethanol) ® The acetate did not depress the melting point 
of the synthetic etiocholanol-3a-dione-ll,17 acetate-3, m p 163-164° 

Analysts — C-iH-oOj Calculated, C 72 81, H 8 72, found, C 72 65, H 8 71 

This monoacetate wms lecoveied unchanged aftei tieatment wath an excess 
of chromic acid in acetic acid at room temperatuie for 5 hours However, 
under the same conditions the fiee diketo alcohol wms oxidized to the trike- 
tone etiocholaneti ionc-3 ,11,17 The oily oxidation pi oduct wms chromato- 
giaphed on alumina and the fiactions eluted by benzene-ligioin (1 1) were 
leci ystallized fiom ethei -ligroin and melted at 132-133°, Hn = -fl48 5° 
dt 1° (10 29 mg in 1 01 ml of ethanol) 

* The rotation of etiocholanol-3Q;-dione-ll,17 acetate-3 was given (69) as 
Wp = -kl76° in acetone, however, the rotation of the sample prepared m this labo- 
ratory in acetone was la]" = -M55° ± 2 5° (4 12 mg in 2 00 ml of acetone) Dr 
Sarett kindly made available a sample of his acetate and the rotation was repeated 
It was la]" = 4-157° ± 1 5° (6 43 mg in 2 00 ml of acetone) 
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Analysis — CuH lOt Calculated, C 75 46, H 8 67, found, C 75 38, H 8 74 

Corr found A£9 986-237° — A small amount of this substance i\as ob- 

tamed from a pool of human pregnancy urine (Case PPl) and also from the 
unne of a n oman mth cancer of the breast (Case CaBFlO) It n as eluted 
from alumma n ith 0 5 per cent methanol m ether or acetone-ether mixture 
(1 4) A mixture u ith Compound A33, m p 230-233°, melted at 185-220° 
"V^Tien mixed ^^'lth Compound A34, m p 238-241°, the mixture melted at 
206-214° 

Corn-pound ASO Pregnanediol-Sa,17ci-one-90 — ^This compound, first 
isolated in this laboratory (4), was obtained from the urine of a ii oman with 
adrenogenital syndrome due to adrenal cortical hyperplasia (Case AHF2), 
of a cryptorchid male (Case EMI), and of a woman yuth adrenal cortical 
tumor (Case ATF2) The method of isolation, the chemical characteriza- 
tion, and the elucidation of the structure of this compound have already been 
descnbed (4) In this compound the ketonic group at C 20 is reactive and 
forms an oxime, whereas the tertiary hydroxjd group at Cir is imi eactive and 
cannot be acetylated These chemical properties are similar to those ex- 
hibited by the 17-hydroxy-20-ketosteroids isolated from adrenal glands 
Because von Euw and Reichstein (70) have shovn that the C 17 -OH group 
of these adrenal substances is in the a configuration, the tertiary hydroxyl 
group of the urinary steroid must also be in the same stenc arrangement 

Compound ASl Allopregnanedtol-Sa,6-(me-90, M P 195-196°, and Us 
Conversion to Allopregnanetrione-3 ,6 ,£0 — About 300 mg of this compound 
were isolated from the extract of about 1000 gallons of pooled unne from 
pregnant women (Case PPl) It was eluted from alumma with 2 per cent 
methanol in ether It crystalhzed as needles from benzene or acetone and 
melted at 195-196°, [a]|® = -t-105° ± 1° (51 15 mg m 2 98 ml of ethanol) 

Analysts — ChHhOj Calculated C 75 40, H 10 25 
Found “ 75 65, “ 10 43 
“ 75 44, " 10 47 

This compound, when mixed with Compound A27, m p 199-200°, showed 
a depression m melting point to 160-180° WTien roxxed with Compound 
A32, m p 192-194°, the mixture melted at 165-172° 

The diacetate of allopregnanechol-3cr,6-one-20 was prepared by heatmg 
25 mg under a reflux for 1 hour in 1 ml of pjTidme and 0 5 ml of acetic 
anhj dride , it w as recrystallized from ligrom as needles meltmg at 165-156°, 
= +92 3° ± 2° (10 01 mg in 2 98 ml of ethanol) 

“ We are grateful to Dr H L Mason for calling our attention to the incorrect 
speciflc rotation of Compound ASO reported prc^ lousU (4) The rotation has been 
repeated and nas found to be Wn = -h64 5° i 4” (4 DG mg in 2 00 ml of ethanol) 
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Analysis — CssHjsOs Calculated, C 71 74, H 9 16, found, C 71 89, H 9 37 

The monoxime prepared m the usual way was leorystalhzed from meth 
anol and melted at 288-291° 

AnoZysts— CiiHasOjN Calculated, N 4 01, found, N 4 19 

The monodmitrophenylhydiazone melted at 235° after crystaUization 
from methanol-water 

AnoZyszs— CsjHjsOsN* Calculated C 63 02, 11 7 44, N 10 88 

Found “ 62 66, “ 7 51, “ 10 71 

The dihydio\y ketone was recovered unchanged by heating 25 mg m 
0 3 ml of hydrochloric acid in acetic acid (1 9 by volume), nor was it oxi- 
dized by periodic acid m methanol at loom temperature The structure 
was estabhshed by the following leactions Ovidation xiuth sodium hy- 
poiodite gave iodoform and an acid which melted at 278-282° Oxidation 
with chromic acid yielded a triketone which melted at 235-237° after crys- 
talhzation from ethyl acetate-hgroin [a]o® = -b47 2° ±9° (4 42 mg m 
2 98 ml of ethanol) 

AziaZysts — CjiHjoO: Calculated, C 76 32, H 9 15, found, C 76 06, H 9 03 

The triketone did not depiess the melting point of allopregnanetnone- 
3,6,20, mp 235-240°, [a]l* = -{-43 3° ± 6° (3 24 mg m 2 00 ml of 
ethanol), winch was prepaied from A®-pregnenol-3/3-one-20 by the method 
described by Maiker et al (71) 

The trisdimtrophenylhydrazone was recrystalhzed from chloroform and 
methanol, melting at 270-275°, and did not depiess the melting pomt of 
the tiisdimtrophenylhydrazone prepared fiom this synthetic sample 

Compound ASS 192-194 ° — ^About 140 mg of this compound were ob- 
tained from a pool of 1000 gallons of human piegnancy urine (Case PPl) 
It was eluted fiom alumina with 2 per cent methanol m ether and was iso- 
lated from the benzene and acetone-ether mothei hquois of Compound A31, 
m p 195-196° When benzene was added to a solution of tins compound 
m acetone, rosettes of needles crystallized, this ciystal form melted un- 
sharply between 95-105° When the substance vas reciystalhzed from 
acetone alone or fiom acetone-isopropyl cthei mixtuies, needles were ob- 
tained which melted at 192-194°, [a]u* = -{-66 3° ± 3° (10 34 mg m 2 98 
ml of ethanol) It depressed the melting point of Compound A31, mP 
195-196°, and also of Compound A27, m p 199-200° 

Analysis— CiiHuOi Calculated, C 75 40, H 10 25, found, C 75 53, H 10 27 

It formed a diacetate melting at 128-129° after reciystalhzation from 
acetone-ether mixtures 
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Analysts — CjsHjaOj Calculated, G 71 74, H 9 15, found, C 71 69, H 9 07 

It formed a dmitroplieiiylhydrazone meltmg at 234-238® after recrys- 
talhzation from methanol, which depressed the meltmg pomt of the mono- 
dmitrophenylhydrazone of Compound A31 

Compound ASS SS0-2SS° — ^Traces of this compound were isolated from 
the urme of a male eunuch with adrenal cortical hyperplasia (Case AHM4) 
and from the urme of a man with cancer of the prostate (Case CaPl) 
It was eluted from alumina with acetone-ether (1 3) and was recrystal- 
hzed from acetone as needles melting at 230-233° When nuxed with Com- 
pound A34, m p 238-241®, the mixture melted at 210-220°, and when 
mixed with Compound A29, m p 235-237°, it melted at 185-220° 

Compound AS4 2S8~241° — ^Traces of this compound were obtamed 
from the nnne of a male eunuch with adrenal cortical hyperplasia (Case 
AHM4) It was eluted from alumma with acetone-ether (1 4) When 
mixed mth Compound A33, m p 230-233°, it melted at 210-220°, and when 
mixed mth Compound A29, m p 235-237°, it melted at 206-214° 

Compound ASS 172-176° — ^This substance was isolated from the urme 
of a male eunuch with adrenal cortical hyperplasia (Case AHM4) and from 
the urme of a woman mth adrenogemtal syndrome due to an adrenal corti- 
cal hyperplasia (Case AHF2) It was eluted from alumma mth acetone 
When recrystalhzed from acetone, it formed needles meltmg at 172-176° 
which depressed the meltmg pomt of Compoimd A26, m p 174-175° 

2-Ketoslerotds 

Compound Bl A* ^'>-Allopregnenone-20 (5) — This compound was iso- 
lated for the first time from a pool of human pregnancy urme (Case PPl) and 
from the unne of a woman mth adrenogemtal symdrome due to an adrenal 
cortical tumor (Case ATFl) It was eluted from alumma mth ether-ben- 
zene (1 10) nuxture When recrystalhzed from aqueous methanol, long 
needles formed nhich melted at 127-129°, [«]“ = 4-132° ± 4° (7 67 mg 
m 2 98 ml of ethanol) 

Analysts — CjiHmO Calculated, C 83 91, H 10 75, found, C 83 89, H 10 87 

It formed a semicarbazone, which, when recrystalhzed from absolute 
ethanol, melted at 260° wnth decomposition In chloroform solution, it 
gave a yellow color when treated mth tetramtromethane Although this 
compound possesses no hydroxyl groups, it reacted wnth a 1 per cent digi- 
tonm solution to give an msoluble digitonide There w as no depression m 
meltmg pomt when mxxed mth an authentic sample of A* ’’-allopreg- 
nenone-20, prepared by the follomng procedure Allopregnanol-3a-one-20 
was dissolved m a mixture of pyndme and chloroform and treated mth 
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chlorosulfomc acid After standing 1 day at room temperature, the solu 
tion was concentrated to dryness in vacuo Ether was added to the residue 
and after cooling the pyiidinium salt was filtered It w'as dissolved m 
methanol and neutralized wuth 5 pei cent methanohe potassium hydroxide 
Ether xvas added to the cooled solution and the pi ecipitated potassium allo- 
pregnanolone sulfate was filteied It w'as i ecrystalhzod from ethanol and 
melted at 207-210° " The sulfate was pjnolyzed at 250°, in a sublimation 
appaiatus at 10“^ mm piessure The ci 3 'stalhne sublimate wms recr}'s 
tallized fiist fiom dilute methanol and then fiom methanol to give long 
needles melting at 125° "Wlien mixed with the sample obtained from ume, 
the mixture melted at 125-127°, [a]f = +133° d: 4° (7 65 mg in 2 98 ml 
of ethanol) 

The synthetic sample was sublimed m high vacuum for analysis 

Analysts — CjiHjsO Calculated, C 83 91, H 10 75, found, C 84 43, H 10 80 

Compound B2 Allopregnanol-S^-one-SO — This compound wms isolated 
from a pool of human pregnancy mine (Case PPl), m xvhich it bad been 
found previously (72) It wms eluted fiom alumina xvith ether-benzene 
(1 9) mixture, and crystallized as plates fiom aqueous methanol, mp 
194-195°, [afj = +912° (1177 mg m 2 98 ml of ethanol) When 
mixed with an authentic sample of allopiegnanol-3i8-one-20, there was no 
depression in the melting point Butenandt and Mamoli (51) reported 
a melting point of 194°, = +90 8° (in ethanol) 

ilnaij/sts-CsiHjiOj Calculated, C 79 19, H 10 70, found, C 79 20, H 10 80 

The acetate melted at 144-146° It did not depress the meltmg point 
of an authentic sample 

Compound BS Isoandroslei one — ^This compound has been isolated from 
the mine of noimal w'omen xxuth vinlism (42, 30, 73, 74), from the urine of 
two wmmen and from the mine of men xvith cancer (42, 73) In the in- 
vestigation heiein reported it xvas found m the urine of noimal men and 
w'omen, of a pregnant woman (Case Pi), of txx^o xvomen xvith cancer of the 
breast (Cases CaBFlO and CaBF21), and of a eunuchoid male folloxxnng 
testosterone administiation (Case EMIXl) It w'as eluted from alumina 

with ether-benzene (1 2) mixtuie Crj^stallization from aqueous methanol 

gave a sample melting at 175-176°, = +82 0° d= 9 8° (3 63 mg m 

2 98 ml of methanol), xx+ich did not depress the meltrng pornt of an au- 
thentic specimen Ruzicka, Goldberg, and Brungger (75) reported a 
melting point of 174-174 5°, [«]„ = +87 5° (methanol) 

Potassium pregnanol-3a:-one-20 sulfate prepared in a similar manner melted at 
232-234° When pyrolyzed in a high vacuum, it yielded A*"®'" ’>-pregnenone-20, m P 
128-130°, Wo «= -{-94 5° db 9° (in ethanol) 
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^noZj/sis— CnHjoOi Calculated, C 78 57, H 10 40, found, C 78 29, H 10 07 

The benzoate melted at 210-211° and did not depress the melting pomt 
of an authentic sample 

Compoinid B4 Dehydroisoandrosterone — ^This compound has been iso- 
lated from the urine of normal human subjects (43, 76, 77), of normal men 
(42, 56), of normal women (57), of male castrates (59), of female castrates 
(44), of patients wnth adrenal cortical tumors (31, 41, 78), and of patients 
TOth adrenal cortical hyperplasia (31, 30) In the investigation herein 
reported this compound was isolated from the unne of all patients with 
adrenal cortical h3T5erplasia and adrenal cortical tumors and of almost 
every subject investigated It was eluted from aluimna with ether-ben- 
zene (1 3) mixture Reciystallization from benzene-hgroin mixtures or 
aqueous methanol gave dimorphous crj'stals melting at 137-138° and at 
145-146° There was no depression in the melting pomt when Compound 
B4 was mixed vnth an authentic sample The anal 3 dical sample was sub- 
limed in high vacuum [o!]d° = 10 4° (17 18 mg in 2 98 ml of ethanol) 

Butenandt et al (76) reported a meltmg pomt of 148°, [£>:]„ = -flO 9° 
±0 7° (ethanol) 

Analysts — CnHaO Calculated, C 79 12, H 9 78, found, C 79 11, H 10 05 

The acetate recrystalhzed from dilute methanol melted at 166-166 6° 
and the benzoate recrystalhzed from acetone melted at 266-257° Neither 
of these denvatives depressed the melting pomt of authentic samples 

Compound B5 272-275° — ^This substance was isolated m traces from 
a pool of human pregnancy urine (Case PPl) and from the urine of a woman 
with adrenogemtal syndrome due to cortical tumor (Case ATFl) It was 
eluted from alumina ivith 1 per cent methanol in ether and from magnesium 
sihcate-Celite (1 2 by weight) with ether-benzene (1 5) mixture It was 
eluted before Compound B6 Recrystalhzation from acetone gave needles 
melting at 272-275° (uncorrected) 

Compound B6 238-240° — ^This compound has been found in traces 
in the unne of three women vath adrenogenital S3Tidrome due to an adrenal 
cortical hyperplasia (Cases AHF2, AHFlO, and AHF13), of tvo uomen 
with adrenogemtal S 3 Tidrome due to an adrenal cortical tumor (Cases 
ATFl and ATF2), of a male eunuch inth adrenal cortical hyperplasia 
(Case AHM4), and of a woman with a breast cancer (Case CaBF21) 
It was eluted from alumina with 2 per cent methanol m ether and from 
magnesium sihcate-Cehte with ether-benzene mixture (1 5) This sub- 
stance is altered by chromatographmg on alumina and juelds non-erjs- 
talhzable oils It appears likely, therefore, that larger quantities of the 
compound were excreted but were not isolated This compound was 
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recrystallized from dilute ethanol, ncetone-ligrom, or benzene-ligrom and 
melted at 238-240° 

Analysis— CiiB-ziOz Calculated, C 76 33, H 9 14, found, C 75 87, H 8 98 

The ultraviolet absoiption spectium, Icmdly determined by Dr Douglas 
Bowen, shoved an extinction coefficient log e == 4 07 at 237 3 my, charac- 
teristic of an oijjS-unsatuiated caibonyl group. When acetylated vith 
pyiidine and acetic anhydride at loom tempeiaturc a product was obtained, 
which, when leciystallized from hgroin, melted at 175-176°. This aceto\y 
deiivative likewise exhibited stiong absoiption in the ultraviolet region 
at 234 my 

Compound B7 209-210 ° — ^This compound was obtained from a pool of 
human pregnancy in me (Case PPl) It was eluted fiom alumina vntli 
2 per cent methanol m ether lAHhien lecry^stallizcd from aqueous methanol, 
long needles were obtained which melted at 209-210°, [o]^ = +988° 
± 2° (16 59 mg m 2 98 ml of ethanol) 

Analysts— CiiB-nOi Calculated, C 76 40, H 10 25, found, C 75 65, H 10 23 

The diacetate was recn^stalhzed from dilute methanol, mp 1025- 
103 5° 

AnaZt/sts— CjbHjjOs Calculated, C 71 74, H 9 15, found, C 71 65, H 9 25 

The monoxime was crystallized from dilute ethanol and melted at 275° 
vuth decomposition 

AnoZyszs— CjiHjsNOs Calculated, C 72 16, H 10 10, found, C 71 88, H 10 10 

Oxidation of the compound with chromium trioxide gave a product 
melting at 236-237°, which was different from that of the triketone, allo- 
piegnanetnone-3,6,20 obtained from the isomeric a-ketosteroid. Com- 
pound A31, m p 195-196° 


SUMMARY 

1 The chemical charactenstics of tJwty-five a-ketosteroids and seven 
0-ketosteroids that have been isolated from human urine are described 

2 Twmiy-six of these forty-two steroids have been completely identified 
This group includes (o) fourteen that have not been isolated pieviously 
fiom human uiine, of which ten are knoivn compounds etiocholanol-3a- 
one-17 acetate-3, A“«?>-androstenol-3a-one-17 acetate-3, andiosteione ace- 
tate, allopiegnanedione-3,20, pi’egnanedione-3,20, andiostanedione-3,17, 
etioeholanedione-3 , 17 , A^-androstenedione-3 , 17 , 17-isopiegnanol-3a-one- 
20, and etiocholanol-Sa-dione-ll,!?, and four are new steroids A®-etio- 
cholenol-3Q:-one-17 , pi egnanediol-3a , 17Q:-oue-20 , allopi egnanediol-3a , 6- 
one-20 , and A* ®^-allopi'egnenone-20 , and (6) twelve that have been isolated 
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before from human unne by other mvestigators A®®-androstadienone-17, 
A® ^^-androstenone-lT, 3-chloio-A®-androstenone-17, alIopregnanol-3a-one- 
20, pregnanol-3a-onc-20, androsterone, A®-androstenol-3a-one-17 , etio- 
cholanol-3&-one-17 , androstane(hol-3a, llj8-one-17 , aIlopregnanol-3;3-one- 
20, isoandrosterone, and dehydroisoandrosterone 

3 Sixteen of these forty-two steroids have been mcompletely identified 
This group includes six that have been charactenzed by meltmg point and 
C and H analysis, and ten that were isolated in such small amounts that 
they have been charactenzed only by melting pomts 

4 The sequence m which these steroids are eluted from aluminum oxide 
and magnesium sihcate chromatographic columns is discussed, some gen- 
eial principles concermng the order of elution are piesented 

5 The relationships of the steroids isolated as metabohtes m unne to 
the Ivnown and postulated precursors among the hormones are discussed, 
certain deductions concermng these relationships are given 

The authors express their deep appreciation to Dr Thomas F Gallagher 
and Dr Edward C Eeifenstein, Jr , for their valuable suggestions and 
generous assistance in the preparation of this manuscnpt 
The authors gratefully acknowledge the cooperation of Dr FuDer Al- 
bnght, Boston, Dr Samuel H Bassett, Rochester, New York, Dr Ephraun 
Shorr, New York, and Dr Gray Twombley, New York, in supplying unne 
specimens from patients with adrenal disorders, and of Dr E H Vohviler, 
Abbott Laboratones, North Chicago, m providing the neutral fraction of 
a large pool of human pregnancy urine 
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It has been recognized for some considerable time that the near infra-red 
absorption spectrum is one of the most highly characteristic physical prop- 
erties of a molecule, and that the measurement of the infra-red absorption 
spectrum provides a very sensitive method for the identification of orgamc 
compoimds Infra-red absorption spectra until recently have been deter- 
mined m relatively few laboratones, and the data have been used mainly 
m connection with studies leadmg to the determination of the mteratomic 
force constants and the geometnc structure of simple molecules (4) 
More recently the infra-red method has been apphed to certain industnal 
analytical problems (5-8) 

It IS to be expected that the techmque will soon be used ex-tensively m 
medical and biological research, since adequate instruments are now avail- 
able commercially In this paper is descnbed the use of infra-red spec- 
trometry as an analytical tool for the detection and charactenzation of 
small quantities of steroid metabohtes m unnary fractions The infra-red 
spectra of certain steroids have been reported recently (9, 10) 

The problem mvolved has been outhned in earlier publications (1-3, 11, 
12) Briefl}' it is concerned mth an analysis and comparative study of the 
steroid content of human unne m normal and pathological states Infra- 
red analysis has been applied to the crude mixtures of unnary ketosteroids 

• The authors gratefully acknowledge the assistance of the Frances and Sidney 
Brody Charitable Fund, the Jane Coffin Childs Memonal Fund for Medical Research, 
the Commonwealth Fund, the Anna Fuller Fund, the Albert and Mary Lasker Foun- 
dation, the Adele R Leiy Fund, the Eh Lilly Fund for Steroid Research, the New 
York Foundation, the Sidney Rheinstem Fund, the Mose Rippa Fund, the Felix M 
and Frieda Schiff V\ arburg Foundation, the Alfred P Sloan, Jr , Research Fund, the 
Teagle Fellowship Fund, and the Whiting Foundation Preliminary reports have 
been presented (1-3) 
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and, more extensively, to the mateiials obtained by the systematic chro 
matographic analysis of these mixtuies These procedures have been de- 
scribed in Papers I and II (11, 12), which deal Avith the methods of separa- 
tion, isolation, and chemical identification of ketosteroids present in unne 

EXPERIMENTAL 

Methods 

Detenmnahon of Infm-Iied Spectra — A Perlcm-Elmer model 12a infra-red 
spectrometer (13) nith sodium chloride prism was used, the thermoelectric 
current was fed into a high sensitivity galvanometer (Leeds and Northrup, 
0 17 microvolt per mm ), the miiror deflections of which vere amplified 
by means of a photoelectric relay (7) and secondary galvanometer (Leeds 
and Northrup, 0 003 microampere pei mm ) The deflections of the second- 
ary galvanometer were recorded automatically on a strip chart recorder' of 
the type described by Barnes, Gore, Liddel, and Williams (7, 14) The 
recorder drive was operated by a constant speed motor, v hile a three speed 
gear box in the drive mechanism of the Littrow mirror allov ed for vanation 
m the speed of recording the spectrum This apparatus was housed m a 
laboratory air-conditioned to maintain a tempeiature of 24° db 1° and a 
relative humidity of less than 40 per cent The sensitmty of the instru- 
ment was checked daily by the determination of the absorption of a stand- 
ard sample of ammonia vapor over the range between 800 and 1200 cm"' 
This served also as a check on the frequency scale calibration, although, as 
the positions of the absorption bands were matched by the use of external 
standards in a manner described below', such calibration was of secondar}' 
significance for the empirical comparison of the spectra which formed the 
bulk of the work reported here 

The samples w'ere analyzed as solutions in carbon disulfide m cells made 
from two rectangular blocks of sodium chlonde (14 X 20 mm ) separated 
by brass spacers 1 mm thick ^ The sodium chlonde plates w'ere sealed 
together with Glyptal cement and baked at 100° overnight Since the 
analyses were qualitative only, the exact tlucknesses of the cells were not 
determined, two cells were used alternately, one being cleaned and filled, 
w'hile a measurement was made on a solution in the other The cells w'ere 
filled through two holes (3 mm diameter) drilled through the top of the 
spacer, which was widened for the purpose When the cells w'ere m use, 
these holes were closed by tapered brass pegs to prevent evaporation of the 

* An electronic amplifier and recorder is now available for use with the spec- 
trometer in place of this galvanometer method of recording, and both types of equip- 
ment have been employed in the later phases of this work 

* A 3 mm cell was used in certain instances in which the material was not readilv 
soluble in carbon disulfide 
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solvent The solutions vere introduced and removed from the cells by- 
means of capillaiy pipettes fitted mth rubber bulbs The cells were cleaned 
by repeatedly flushing mth carbon disulfide Because of the inflammability 
and toxicity of this solvent, special care had to be taken dunng these manip- 
ulations, solvent residues were not allowed to accumulate m the laboratoiy, 
and the cells w ere drained by attachment to a vacuum line so that the car- 
bon disulfide evaporated rapidly and w^as earned into the vacuum system 
■with a current of air The choice of solvent is limited by the fact that very- 
few liquids are sufficiently transparent to infra-red radiation over an exten- 
sive spectral region Of the few, carbon disulfide is best m the region of 
particular study, 1180 to 875 cm 

Observations, both on pure crystalline steroids and on unnary fractions, 
have shown that a concentration of 0 5 to 2 per cent of solute by weight is 
needed to give a good spectrum in a 1 mm layer of carbon disulfide The 
volume of solution needed m the cell was 0 2 ml , from which it may be 


Tabu: I 

Regions of Spectrum Examined 


Region 

Frequeno 

W'ave length 


cm 


A 

4000-2530 

2 60- 3 95 

B 

2000-1620 

5 00- 6 17 

C 

1315-1150 

7 60- 8 69 

D 

1180- 875 

8 47-11 43 


observed that a nummum of between 1 and 4 mg of matenal is required 
for an infra-red analysis ’ 

While most of the fractions were esammed over the frequency^ range be- 
tween 1180 and 875 cm many of the samples w^ere examined also in other 
regions of the spectrum (see Table I) For purposes of discussion these 
vanous spectral ranges will be referred to as Regions A, B, C, and D 
respectively 

The spectrographic record obtained from the particular stnp chart re- 
corder employed did not have frequency or w'ave-length markings, and it 
was necessary to pro-vide suitable calibration pomts at known frequencies 

’ In the case of unnarj fractions, the dilution required to jicld a solution within 
the necessary concentration range was calculated in terms of the “mg cqui\alcnt of 
androsterone” as determined colorimetricallj bj the Zimmcrmann reaction, and not 
from the actual weight of the fraction (II) 

* The units most often used in designating portions of the infra red spectrum arc 
wave-length unit, micron orp (Ip = 10,000 V »= 10“*cm ), and the so called frequenej 
unit, wave number or cm II cm = 1/X (cm )J 
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m order that the relative positions of absorption bands on different charts 
might be compaied In Region A the atmospheric water vapor absorption 
bands at 3741 and 3882 cm are present on all curves and serve as calibra 




Fig 1 Region A (4000 to 2530 cm reproduction of a typical record obtained 
directly from the spectrometer Note that this is not a per cent transmission curve 
Curve I, radiation with bands due to atmospheric water vapor, Curve II, carbon di 
sulfide, Curve III, solution of androsterone in carbon disulfide The atmospheric 
water vapor absorption bands at 3741 and 3S82 cm are present on all curves and 
serve as calibration points The absorption band at 3610 cm in the androsterone 
curve (No III) is associated with the longitudinal vibration in the hydrogen-ovygen 
bond of the hydroxyl group 

Fig 2 Region B (2000 to 1620 reproduction of a typical record obtained 

directly from the spectrometer Curve I, radiation vith bands due to atmospheric 
water vapor , Curve II, carbon disulfide, Curx^e III, solution of androsterone in carbon 
disulfide The atmospheric water vapor bands at 1700, 1830, and 1870 cm provide 
calibration points in all three curves The band at 1742 cm in the androsterone 
curve (No III) is related to the longitudinal vibrations in the carbon-oxygen bond 
of the carbonyl group 

tion pomts (Fig 1), likewise the atmosphenc water vapor bands at 1700, 
1830, and 1870 cm provide calibration points in Region B (Fig 2) For 
Region C the water vapor bands at 1388, 1396, and 1420 cm were em- 
ployed as cahbration pomts (see Curve IV, Fig 3) in the manner descnbed 
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below for Region D In Region D, the “solvent control curve” obtained 
in the absence of absorbing matenal in the cell is smooth (Curve II, Fig 4), 
and m order to provide reference frequencies the absorption bands of ace- 
tone vapor at 1230, 1219, and 1207 cm v ere superimposed on each exper- 
imental curve (Curve VIII, Fig 4) This was done by starting spectral 
recording at a frequency of about 1250 cm with a 10 mm cell conta inin g 
air saturated with acetone vapor m the hght path The spectrum was 



Fio 3 Region C (1315 to 1150 cm “*), reproduction of a typical record obtained 
directlj from the spectrometer Curve I, radiation, Curve II, carbon disulfide. 
Curie III, solution of androsterone in carbon disulfide. Curve IV, calibration spec- 
trum of ivater vapor between 1460 and 1315 cm Since there are no absorption 
bands (Curve I) to serve as reference points in this region, the water vapor absorption 
bands (Curve IV) of the region between 1460 and 1315 cm are used as reference 
points 

recorded to about 1185 cm ii here the instrument w as stopped, the sample 
cell inserted in place of the acetone vapor cell, and the instrument started 
again Dunng this exchange of cells care was taken that no adjustments 
M ere made to the drive mechanism of the Littrow mirror so that anj error 
due to backlash m the dnve mechamsm was minimized 

Calculalion of Data 

The cuiwe obtained m this w ay represents the absorption of the sample 
superimposed on that of the solvent and of the atmosphenc water vapor 
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675 Cm'^ 1180 


Fig 4 Region D (1180 to 875 cm“*), reproduction of a typical record obtained 
directly from the spectrometer Curve I, radiation, Curve II, carbon disulfide, 
Cur\e III, solution of androsterone in carbon disulfide. Curve IV, 75 per centandros 
terone + 25 per cent etiocholanol-3a-one-17. Curve V, 50 per cent androsterone + 50 
per cent etiocholano'-2a-one-17. Curve VI, 25 per cent androsterone + 75 per cent 
ctiocholanol-3a-one-17. Curve VII, solution of etiocholanol-3a-one-17. Curve YlHi 
calibration spectrum of acetone vapor between 1250 and 1180 cm Since there are 
no absorption bands (Curve I) to serve as reference points in this region, the acetone 

1 

I 
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and carbon dioxide in the optical path Even in the absence of any absorb- 
ing material in the hght path, the record obtained from the instrument 
v ould be a slopmg Ime, since the energy measured by the thermocouple 
vanes as the frequency changes The energ}’’ radiated by the light source 
IS approximately that of a black body at 1400° For a given slit mdth, the 
energy mcident on the thermocouple is dependent both on the shape of this 
black bod 3 ’- radiation curve and on the optical characteristics of the mono- 
chromator system The energy is maximal for a frequency of about 4000 
cm "S and m the regions covered by these mvestigations the energy de- 
creases mth decreasing frequency 

In reporting the spectra of pure substances, it is customary to calculate 
either a per cent-transmission or a per cent-absorption curve in vhich cor- 
rections are applied for the absorption of the solvent, the a'mosphere, and 
the slope of the radiation Ime The calculations involved in the preparation 
of such per cent-absorption cun^es from the instrumental records are tedious 
and time-consummg,® and it has been found that, for the empirical com- 
panson of the spectra of unnary fractions, the records obtamed directly 
from the stnp chart recorder (referred to as instrumental curves) can be 
used quite satisfactorily provided that the instrumental conditions are care- 
fully standardized Such conditions are the slit mdth, the pon er consump- 
tion of the light source, the speed of rotation of the recorder drum, the speed 
of rotation of the Littrow mirror, the amplificat'on of the therm' electnc 
current, and the direction in which the spectrum is determined (from high 
to low frequency) This careful standardization of operating conditions 
and the consequent elimination of the need for the calculation of the per 
cent-absorption curves of the unnary fractions make the method sufficiently 

‘ In recording the ultraviolet absorption spectrum of a pure organic compound, it 
IS customary to transform the intensitj measurements as expcnmentally determined 
into molecular extinction coefficients and to report the results in the form of a curve 
with molecular extinction coeffic ents as ordinates and wave lengths or frequencies 
as abscissae In the infra red region experimental difficulties caused mainlj bj the 
presence of scattered radiation, the xanation in slit widths emplojcd, and the uncer- 
tainties in determining sample thickness accurateh make it undesirable at the present 
time to express intensitx data in absolute units The per cent absorption refers onlj 
to the particular sample determined on a particular instrument While, in general, 
such measurements are reproducible, the spectra of pure compounds as measured on 
different instruments maj shou variations in the relative intensitj of the maxima in 
different regions of the spectrum 


vapor absorption bands (Curve VIII) between 1250 and IISO cm are used as refer- 
ence points The curves (Nos III to VII) of androsterone and ctiocholanol-Sa one- 
17 and of the three binarv nuxturcs of these steroids exhibit distinctive variations 
from each other Since the greatest difference in absorption between steroids is 
found in Region D, this region is employed for identification purposes 
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rapid to be applied as a practical tool in conjunction witb chromatographic 
analysis At the same time, it must be pointed out that data so obtained 
can be directly compared only wth other data obtained on the same instru- 
ment or on a second instrument carefully matched for the purpose In the 
recording of the spectra of pure substances, such as are discussed in the 
following section, the per cent-absorption curves are calculated, since these 
contain less instrumental variations and approach more closely to the abso 
ute physical constants of the individual substances 



Results 

Infra-Red Spectra of Pure Compounds — ^As typical examples of the infra- 
red absorption spectra of pure steroids in carbon disulfide solution, the (per 
cent-absorption)/ (frequency) curves of the following four stereoisomers are 
illustrated m Figs 5 to 8 I, androstanol-Sa-one-l? (androsterone) , Hi 
androstanol-3j8-one-17 (isoandrosterone) , III, etiocholanol-3a-one-l7 («- 
etiocholanolone) , IV, etiocholanoI-3/3-one-17 (|8-etiocholanolone) 

The four regions covered in the routine analyses of urinary fractions are 
mdicated by the dotted ordinate lines ® At the high frequency end of the 

® The region between 1400 and 1315 cm shown on Figs 5 to 8 is excluded from 
Region C because it occurs on the side of a steeply rising carbon disulfide absorption 
band which makes measurements here unsuitable for empirical comparison without 
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spectrum (Region A) the absorption bands are related to energy absorption 
m the molecule associated with activation of stretchmg vibrations of certam 
of the bonds, thus the absorption bands at 3610 cm m androsterone and 
its three isomers (Pigs 5 to 8) are associated -with a longitudmal vibration 
m the hydrogen-oxygen bond of the hydroxyl group Similarly the bands 
at 1742 cm in the four compounds are related to longitudmal vibrations 
m the carbon-oxygen bond of the carbonyl group It is at the lower fre- 
quencies (Region D) that the differences between the spectra of the vanous 
steroids are most sigmficant, this is because the absorption of radiation m 
this region is more nearly charactenstic of vibrations mvol'vmg the whole or 



ex-tensive parts of the molecule, and such vibrations are more sensitive to 
small vanations in the molecular configuration 
Accordmgly, it is to Region D that most attention has been directed m 
these empincal compansons and analyses of the spectra of unnary frac- 

correction for the carbon disulfide absorption Tbe “ iCBr region” measurements in- 
cluded in these curves were determined at the Stamford Research Laboratoncs, 
American Cyanamid Companj , b> means of a spectrograph with a potassium bromide 
prism The data for Region A of Figs 6 to S were also determined at Stamford with 
a lithium fluoride pnsm The concentrations and cell thicknesses emplojed in the 
measurements in these regions of the spectrum were not ncccssanlj identical with 
those used for Regions B, C, and D 




tions In some cases, however, differences in Regions A, B, and C have 
proved of value in identif3nng the presence of certain characteristic group* 
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ings The spectra of a considerable number of pure steroids have been 
determined, and m all cases marked individuality is noted m Region D 
Recently the mfra-red spectra of crystalline films of several steroids have 
been reported by Furchgott, Rosenkrantz, and Shorr (9, 10), who have also 
made an attempt to correlate certain of the absorption maxima with specific 
groups and their stereochemical relations in the molecule 



Fig 9 Photograph of the graphic comparison in Region D of the curve of pure 
androsterone mth that of a non-crjstallinc steroid isolated from urine and presumed 
from its spectrum to be androsterone Cune with solid line, androsterone standard, 
curve nith dotted line, steroid from urine fraction 


Spectra of Mixtures of Pure Steroids — The mfra-red absorption spectra 
of mixtures should show structures indicative of the presence of the various 
constituents, and, m the absence of intermolecular reactions, the spectrum 
of a mixture of t\i o or more organic compounds should be a summation of 
the spectra of the constituents, proper allowance being made for their re- 
spective concentrations ’’ 


* The optical densitj Qog Jo/J), where It is the intensitj of the incident radiation 
and I the intensitj of the transmitted beam, is directlj proportional to the concen- 
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The quantitative analysis of several mixtures of two or more organic com 
pounds, based on measurements of the infra-red absoiption spectra, haie 
been recorded m the liteiature (5, 7) The speclia of a series of mixtures 
of andiosteione and etiocholanol'3a-one-17 in Region D aie shoivninFig 4 
The systematic spectial vaiiation with change in composition is clearly 
evident in these curx'’es, and approximate quantitative analy’^ses of mixtures 
of androsterone and etiocholanol-3a-one-17 can be made by visual matching 
of such an expeiimental cuiwe against a range of control curves made on 
mixtures of knovoi composition For such purposes the direct instrumental 
cuiwes obtained undei conti oiled conditions of operation xvill suffice and 
per cent-absorption cun^’es are not necessaiy 
Spectra of Urinary Fractions — The work earned out at the Sloan 
Kettering Institute (11, 12) has shown that the ketosteroid mixture ob 
tamed from urines of normal and diseased peisons is veiy complex, the 
infra-red analyses of these crude fractions suppoit this view 

If this crude ketonic mateiial is submitted to a process of systematic 
fractional adsorption analysis, the infra-red absorption spectra of the 
successive fractions aie found to exhibit considerable differences Certain 
of these fractions obtained fiom such a chromatogiaphic analysis yield 
infra-red curves winch are identical mth those of pure constituents of es 
tablished structure, this is illustiated m Fig 9, in which the instrumental 
curve m Region D of a fraction from the urine of a normal person is com- 
pared xvith the curve of pure androsterone Among the products of 
chromatographic sepaiation of the crude ketosteroid material, forty-two 
pure compounds have been identified by the established methods of organic 
chemistry (12) The spectrum of each of these constituents is characteris 
tic 


DISCUSSION 

An empuical comparison of the instrumental curves, obtained from a 
chromatographic sequence of urinary fractions, mth a set of standard curves 
prepared from pure samples of the knowm constituents clearly demonstrates 
that the presence of such constituents can be detected m the individual 
fractions In making use of infra-red absorption data m this manner, 
it is assumed that each steroid metabolite possesses a umque spectium and 
can be recognized by this m the analytical procedure Observations of 
the spectra of a considerable number of steroids have shown that quite 
minor changes m chemical structure or stereochemical configuration alter 
the spectrum significantly, and there is ample evidence from the recorded 

tration of the solute Hence, in the spectrum of a mixture, the heights of the maxi®® 
will be directly proportional to the concentrations only if the absorption intensity 
data are expressed as optical densities 
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data on the infra-red spectra of other types of compounds (6, 7, 15) to justify 
the assumption that the infra-red spectrum of eveiy orgamc compound is 
probably umque These conclusions are further strengthened by a study 
of the spectra of Figs 5 to 8 It is evident that these spectra differ widely, 
even though the four compounds differ only in their stereoisomensm 

In such applications mfra-red analysis has several advantages besides the 
umque character of the spectrum As shown m the experimental section, 
the sample required is small, and can be reduced stdl further by special 
optics or the design of nucro cells The sample is unchanged in the analysis 
and can be recovered for further work The tune required to record Region 
D, mcludmg the preparation of the sample, is less than 10 mmutes, and the 
spectral record can be obtained in a permanent form by relatively untrained 
personnel Tramed specialists are thus required only for interpretation 
of the records at convement time mtervals Further development of the 
techmque may permit the use of smaller urme collections and less tedious 
chromatographic separation 

In addition to the apphcation of infra-red spectroscopy as a means of 
empincal identification of steroids, the use of these spectra to elucidate 
the chemical structure of steroids is possible, because of the correlations 
that have been made between the infra-red absorption spectra and the 
chemical structure of steroid molecules It has been noted that certam 
of the absorption bands m the infra-red spectrum are associated with the 
presence of hydroxyl and carbonyl groups in the molecule In the work 
discussed here, no attempt is made to deduce structural information from 
the charactenstic absorption bands of the spectra However, it is clear 
that infra-red data can be applied to the elucidation of the structure of 
umdentified steroids isolated from urine 

The chromatographic separations jueld a large number of fractions, many 
of which contam insufficient material to allow further charactenzation by 
chemical methods, this is true particularly of the non-crystallme fractions, 
and the infra-red absorption spectra provide a means for the charactenza- 
tion of such matenal If the spectra of a consecutive group of fractions 
from the chromatographic column are followed, those fractions vhich 
consist of one only of the pre^^ously recogmzed constituents can be identi- 
fied by companson of the experimental cuiv-es nith those of the known 
standards The position, in the senes of consecutive fractions, m which 
a second constituent approaches a significant concentration can be recog- 
mzed by the progressive devuation of the appearance of the experimental 
cun e from that of the pure reference compound or compounds 

If the eluates from the chromatogram are sj stematicallj' follon ed in this 
manner, vanations in the spectra appear at certain places nhich do not 
correspond mth those which would be anticipated (11, 12) for bmarj mix- 
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tures of the reference compounds m the well established sequence in whicli 
they are eluted from the chiomatographic column The presence of such 
anomalous structure in a spectrum indicates that the fraction contains 
material not hitherto recognized as a constituent of these steroid mixtures 
The presence of small quantities of several previously undetected steroid 
metabolites in the urines of normal and diseased persons has been indicated 
in this mannei 

The quantities of these substances present in the samples from any one 
person may be so small that then isolation and chemical charactenzation 
IS a matter of considerable difficulty However, the small quantities of 
material possessing the same spectrum which occur in samples from differ 
ent individuals can be pooled, and m this way’’ sufficient matenal can be 
accumulated to permit purification and chaiacteiization by’’ chemical 
methods 

The vai rations m the infra-red absoi-ption spectra of such series of chroma 
tographed fractions from individual and pooled collections of the unnes of 
normal and diseased persons will be discussed in subsequent papers 

SUMMARY 

Methods of infra-red spectrometry have been developed for the identi 
fication of the steioid metabolites found in urine These methods can be 
applied both to the control of the fractionation procedures by vhich the 
individual steroid metabolites are separated and to the identification of the 
pure substances so obtained 

A discussion is given of the application of these methods to the estimation 
of the composition of binary mixtures of steioids, and to the detection of 
previously unrecognized steroid constituents m the sequence of components 
obtained by fractional chromatographic analysis 

The assistance of Mrs M J Whalen of the American Cyanamid Com- 
pany and of Mrs K Dobriner and Mrs P Humphries of the Sloan- 
Kettering Institute for Cancer Research is gratefully acknowledged by the 
authors 
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THE FORMATION OF CHOLESTEROL FROM t-CHOLESTERYL 
' METHYL ETHER* 


By HERBERT McKENNIS, Jh 

(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore) 

(Received for publication, September 12, 1947) 

In a recent communication (1) the synthesis of cholesteryl n-propyl ether 
(Ha) from z-cholesteryl methyl ether (I) was reported At that time it was 
stated that the reaction was of mterest for the preparation of other 
cholesterol derivatives The present report deals with additional appli- 
cations of the above ether S 3 mthesis and the formation of cholesterol itself 
from i-cholesteryl methyl ether 



CH, 

(I) (II) 

(Ha, R = C,Er-) 

Smce it has been shown (2) that the reaction of thiophenol mth cho- 
lesteryl p-toluenesuFonate leads to the formation of a bisphen 3 dthio com- 
pound, tentatively called 3,5-(bisphenyIthio)cholestane, it vould appear 
that m the formation of cholesterj 1 ethers* the cleavage of the carbon- 
o\ 3 ’’gen bond occurs m the steroid rather than m the reactmg alcohol It 
was, therefore, anticipated that the meth 3 1 ether of z-cholesterol could be 
transformed to cholester 3 d ethers nhich contam a \ anety of alkoxy groups 

t-Cholesteryl meth 3 d ether nas smoothly conierted to 7i-prop3d and i- 
prop 3 d cbolester 3 d ethers by heatmg I and an excess of the appropnate alco- 
hol m the presence of p-toluenesuFonic acid It vas then reasonable to 

• Aided b 3 a grant from the John and Mar 3 R Markle Foundation 

* The prowous reports (1, 2) discuss the formation of cholesterjl others from the 
tosjd ester (3-5) and the intermediate t-cholesterj 1 ethers, the structure of which 
was elucidated by Wallis and coworkcra (6-S) 
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suppose that by taking advantage of this same reaction cliolesterol could be 
piepaied By leaction of valci and I in aqueous dio\ane, cholcsteroh^b 
obtamed in good yield 

That the leaction sho^^'n is indeed one which involves the i-cholesterjl 
radical lather than simple exchanges with cholesterjd methyl ether, ivhicb 
can be formed fiom r-cholesteiyl methyl ether in methanol in the piesence 
of acid (2, 4), ivas cleaily showTi m one case investigated Here cholesteql 
methyl ethei w^as heated with n-piopanol and p-tolucncsulfonic acid mono- 
hydrate undei the same conditions winch prevail m the leaction of the so 
compound The noi mal cholestei y 1 met hyl cthei w as i ecovei ed unchanged 
in quantitative yield It was also found that r-cholestcryl methjl ether 
aftei tieatment wuth aqueous dioxare which contained sodium acetate in 
stead of the customaiy acid could be quantitatn ely ieco\ered The'e 
observations togethei wuth previous data (2, 4, 5) seiwe to strengthen the 
belief that one is dealing wuth a geneial acid-catalyzed reaction, the effect oE 
which IS the foimation of 3-A®-choIestenyl deiivatives of amons 
Br- I- HO-, CH3O-, n-CjHTO-, z-CsHtO-, CH3COO") derivable from 
one of the reactants 


EXPERIMENTAL 

Choksteryl n-Propyl Ether — To a solution of 300 mg of r-cholesteij’l 
methyl ethei (3) in 35 cc of 7i-propanol w^eie added 35 cc of a solution con 
tammglOOmg of p-toluenesulfonic acid raonohydiate in n-propanol The 
combined solutions w^eie heated foi 2 hours at 80° and then concentrated 
undei diminished pressuie to a volume of appioximately 25 cc 10 cc ol 
watei w^eie added slowly wath stiiimg The mixture w^as cooled, and the 
product w'^as collected and w^ashed tluee times witli 5 cc poitions of 30 pc? 
cent aqueous n-piopanol The yield of cholesterjd n-propyl ethei, mp 
100°, w as 247 mg (77 per cent of the calculated amount) On further dilu 
tion with w’^atei the combmed w^ash and mothei liquors yielded material, 
mp 92-94° 

When the leactiou was earned out as dcsciibed above, except for the 
peiiod of heatmg, which was extended to 3 houis, the yield of cholesterjd 
w-propyl ether, m p 100°, was 96 pei cent of the calculated amount The 
products, m both cases, did not depiess the meltmg pomt of authentic m 
teiial upon admixtuie 

Stahhty of Choksteryl Methyl Ether to n-Propanol and p-Toluenesulfom^’ 
Acid — 150 mg of cholestei yl methyl ethei were heated in 35 cc ofn 
piopanol for 2 hours m the presence of 50 mg of p-toluenesulfomc acid 
monohydrate The solution was concentiated under diminished pressure 
to a volume of approximately 20 cc and then diluted to 100 cc by addition 
of w^ater 150 mg of ciystals, mp 83 5-84°, w^eie deposited from the 
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cooled mixture The quantitatively recovered cholesteryl methyl ether did 
not depress the meltmg pomt of an authentic sample upon admixture 

Cholesteryl t-Propyl Ether — 250 mg of r-cholesteryl methyl ether were 
treated vith 70 cc of i-propanol and 100 mg of p-toluenesulfonic acid 
monohj drate at a temperature of 80° for 3 hours as described under the 
preparation of the 7i-prop3d ether The product neighed 255 mg (96 per 
cent of the calculated amount) and melted at 132-133° The latter is m 
agreement mth the meltmg pomt of 132° reported by Bills and McDonald 
(9) for the same compound 

Cholesterol Jrom z-Cholesleryl Methyl Ether — To a solution of 100 mg of 
z-cholesteryl methjd ether m 50 cc of purified p-dio\ane were added 100 mg 
of p-toluenesulfonic acid monohydrate in a mixture of 50 cc of watei and 50 
cc of dio> ane The combmed solutions were heated for 5 hours at 80° and 
then allowed to cool The solution was diluted with water to a volume of 
250 cc After the mixture had remained for several hours m the refriger- 
ator, the crystalline product was collected and washed with water The 
yield of cholesteiol, m p 147-148°, was 92 mg after diymg in aacim This 
represents 95 per cent of the calculated amount The meltmg pomt was not 
depressed by admixture mth an authentic sample The product, upon 
treatment mth acetic anhydride, yielded an acetyl derivative, m p 114- 
115°, which did not depress the meltmg pomt of authentic cholesteryl 
acetate upon admixture 

Stabihty of i-Cholesteryl Methyl Ether to Aqueoiis Dioxane wider Alkaline 
Conditions — A solution of 100 mg of i-cholesteryl methyl ether m 50 cc of 
dioxane v as added to 2 00 gm of anhydrous sodium acetate which had been 
dissolved m a mixture of 50 cc of dioxane and 50 cc of water The com- 
bined solutions Mere heated at 80° for 5 hours On dilution ivith water, the 
j-ether m as recovered quantitatively from the mixture The mel mg pomt 
of 79° was identical mth that of the startmg matenal and not depressed by 
admixture mth the same 


SUMMARY 

The conversion of z-cholesteryl methyl ether to cholesteryl n-propyl ether 
and to cholesteryl z-propjd ether b3'’ heatmg T-cholester3d methyl ether mth 
an excess of the appropnate alcohol and p-toluenesulfonic acid has been 
described The leaction mvoh ed is dependent upon the marked Iabilit3’- of 
i-cholester3d meth3d ethei, smce cholesteryl methyl ether vas shoira to be 
effectually stable to 7i-propanol under conditions favorable for the reaction 
of 7-cholester3d meth3'l ether 

B3' utilizmg the prmciples of the abo%e reaction, vhich appears to be 
quite general, cholesterol vas obtained m good 3neld from j-cholcster3 1 
meth3 1 ether b}"^ reaction m aqueous dioxane 
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ACCELERATION OF CATALASE ACTION 

Bt CORNELIUS W KREKE akd SISTER PAUXETTE jMALONEY 
{From the Laboratories of the Instilutum Dtvi Thomae, Cincinnati) 

(Received for pubbcation, September 27, 1947) 

It has been reported (1) that a concentrate prepared by alcohohc extrac- 
tion of yeast cells accelerated the enzymatic decomposition of hydrogen 
peroxide Because of the crude character of the preparation used, the 
manner m nhich the accelerative effect was exerted on the catalase system 
was unknomi, but the suggestion was made that the action may have been a 
direct acceleration of the enzyme itself This phenomenon has been 
designated as acceleration rather than activation because the accelerating 
substance apparentl}’’ is not essential for catalase actmty 

Sumner and Sisler (2) m repeatmg this work found that yeast extracts 
as prepared b}'^ them protected crude rat hver catalase from mactivation 
by hydrogen peroxide at 24°, but they were unable to demonstrate any 
acceleration by these extracts, either of the crude or of the crystalhne 
cnzjTne Protection of the enzyme by the extract had also been observed 
in these laboratones but this activity was not considered a umque property 
of the extract, since protection is also afforded by substances occurnng 
naturally inth the enzjune 

The accelerative effect of the yeast preparations on catalase action has 
been confirmed and extended The further endence obtamed is presented 
here to show that (a) the catalase decomposition of h5’^drogen peroxide can 
be accelerated by the extract, (6) that this accelerative abihty is possessed 
b)' extracts of ti\ o different strams of bakers’ yeast, and (c) that the ac- 
celerative effect can be measured gasometncally as well as titnmetncally 
Some mdications as to the nature of this acceleration are also mcluded in 
tlus paper 


EXPEKEUENTAL 

7 pounds of flesh Fleischmann’s bakers’ j east were used for the extracts, 
prepared m a manner similar to that desenbed elseuhere (3) The jeast 
uas extracted with 2 5 hters of 95 per cent ethjl alcohol for 4 hours at a 
temperature of 60-70° mth constant mechanical stinmg, and the 3 east u as 
filtered off on a Buclmer funnel Reextraction with 50 per cent alcohol was 
omitted, since this did not mcrease the potenc3’' of the final preparation (4) 
Tlie extract uas then concentrated m lacito at 60° to a volume of approx- 
imateb 400 ml This concentrate contamed a large amount of fat and 
other colloidal matenals vluch vere eliminated b3 filtration succesa\el3 
through a Buchner funnel and a Seitz filter Tlie pH of this concentrate, 
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usually appioximately 5 0, was adjusted to 6 8 (glass elcctiode) wth normal 
sodium hydi oxide The concenti ate was then stei ihzed by passage through 
a Seitz filtei Autoclaving was avoided since this caused the foimation of a 
piecipitate and a daikening of the concenti ate Diy weight determinations 
weie made piioi to adjustmg the pH 

A commeicial concenti ate of Anheusei -Busch yeast prepared in a manner 
similar to that of Fleischmann’s 3'-east was obtained from the laboratories of 
Speiti, Inc , Cincinnati Before use in these expciimcnts the commercial 
concentrate nas filtered thiough a Buclmci funnel, adjusted to pH 6 8 mth 
noimal sodium lydi oxide, and sterilized by passage thiough a Seitz filter 

Dccoloiization of both the laboiatoiy and the commeicial types of con 
tenti ate v as accomplished bj’’ treatment with noi it charcoal (5) Extiacts 
to be decoloiized vcie diluted to 200 mg pei ml with nater and adjusted 
to pH 6 2 Noiit chaicoal (appioximatclj'' 10 per cent of the total veight 
of the exti act) was then added and the mixture heated to 60° for 10 minutes 
with constant stilling The chaicoal was then filtered off, the filtrate 
adjusted to pH 6 8, and sterilized bj'- passage tin ough a Seitz filter If only 
a partial decolor ization was effected vith this piocedure, the tieatraent vas 
repeated 

The late of decomposition of hydrogen peroxide by catalase m the 
presence and absence of yeast extiacts was deteimmed by the same per- 
manganate titiimetiic pioceduie as nas pieviouslj’’ used (1) and also by the 
gasometiic method of Peilmann and Lipraann (6) mth the Warburg respi- 
lometeis In the latter procedure, control manometei flasks contamed 1 ml 
of hydiogen peroxide (0 G mg of Merck’s 30 pei cent, diluted to 500 ml 
vnth watei), 1 ml of 0 04 m phosphate buffei, 0 5 ml of catalase piepara 
tion, and 0 5 ml of distilled water 

The yeast extiacts to be tested were diluted sufiicientlj’^ with water so 
that the range of final concentrations m the manometei flask varied from 
0 5 to 2 mg per ml This seems to be the optimum i ange of activity of the 
extract as measured either by the gasometric oi the titiimetnc pioceduie 

Wlien the titrimetric method was employ'-ed deteimmations of the amount 
of reaction between the permanganate and the jmast extract weie loutinely 
made in the folloivmg manner Tivo flasks contammg 35 ml of hydrogen 
peroxide and 10 ml of buffei weie placed in the watei bath To one flask 
were added 5 ml of watei and to the other 4 ml of watei and 1 ml of yeast 
extract contammg 25 oi 50 mg pei ml of dry material (final concentration 
of dry mateiial, 0 5 or 1 mg pei ml ) After a 10 minute equihbiium peiiod 
5 ml of the solutions from each flask weie removed and placed m 20 ml 
of 10 per cent sulfuiic acid Each 5 ml sample was then titrated mth 
0 01 N peimanganate, and the difference m amount of permanganate used 
gave the blank correction These collections were then subtracted fmni 
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the experimental titration values The amount of the correction was 0 2 
to 0 3 ml of 0 01 N permanganate per 5 ml of reaction mixture for the 
expeiiments reported here Blanks should be determmed for eveiy batch 
of extract Smce the value for the blank depends upon the punty of the 
extract, it may m some mstances be zero, as m the earher work (1) In 
other cases it may be excessive and mask completely the acceleration of the 
en 2 yme 

Ti\o types of catalase pieparations were used m these expeiiments 
One was a crude rat liver autolysate prepared as described in a previous 
publication (1) and the other was a punfied enzjme prepared by the 
method of Sumner and Bounce (7) This catalase w^as not crystalhne 
but had an activity of approximate!}'’ 16,500 Kal f units 

RcsitUs 

In Fig 1 IS shoiMi the result of a typical cxpenment m w'hich an un- 
decolonzed concentrate of the Anheuser-Busch yeast was tested for its 
eSect on the catalytic decomposition of hydrogen peroxide by a crude rat 
hver enz 3 me as measured titnmetncally at 24° The extract was incubated 
with the enzjme durmg the 10 mmute equihbration period before addition 
of the hydrogen peroxide The reaction constants of the control and 
ex-perimental reactions are plotted agamst time (Fig 1, Curves I and II) 
Extrapolating to zero time gave an 82 per cent increase of the experimental 
over the control reaction This particular extract of Anheuser-Busch j'east 
was tested seven tunes at 0 5 and 1 mg levels with quahtatively similar 
results Bj' the same method and the same conditions, similar results w ere 
obtamed with three other extracts (Anheuser-Busch, decolonzed and 
undecolonzed, and Fleischmann’s imdecolonzed) A summarj’- of the 
results of these experiments is given m Table I Reaction constants at 
zero time for the control systems ranged from 0 024 to 0 1 17 No consistent 
relation was obsen'ed between the percentage stimulation bj an extract 
and the Ko x'alues of the control reactions The pH of the reaction mncture, 
initiallj'’ buffered at 6 8, w as not changed with the addition of the extracts 
Moreover, the reaction mixture m both the control and expenmental 
flasks did not change m hydrogen ion concentration durmg the course of 
the reaction 

Tlie values given in both Table I and Fig 1 (Cun'e II) were calculated 
after correction for the mteraction of permanganate and jeast ex-tract 
It was not necessarx, howexer, to make such corrections to show the 
acceleration by these extracts, is is exident from the uncorrected data 
presented in Cun e III, Fig 1 

The extracts themseh es in the absence of the catalase did not decompose 
tlie hj drogen peroxide under the conditions of the expenments, confirming 
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eaily obseiTations (1) and indicating that the acceleiation of the enzjTiiatie 
decomposition was not due to a catalj^st in the extract 



Fiq 1 Effect of yeast extract on decomposition of hydrogen peroxide by a crude 
catalase Temperature 24° Curve I, control (hydrogen peroxide, buffer, enzyme), 
Curves II and III, control + yeast extract (1 0 mg per ml , final concentration) 
Curve II, corrected data, Curve III, uncorrected data 

Table I 

Acceleration of Catalase Activity by Different Yeast Extracts As Measured Tttrimdn 

cally with Crude Catalase at 24° 

Eange of Ka values of control systems, 0 024 to 0 117 


Type of yeast extract 

Concentra- 

tion 

No of times 
tested 

Range of 
acti\ ity 

Aieragc 

increase 


mg per ml 


per cent 

per cent 

Anheuser-Busch, No 134-5 

0 5 

2 

42-47 

45 


1 0 

5 

24-80 

47 

“ “ 154-5 

1 0 

3 

68-77 

72 


2 0 

1 


71 

“ “ 154-5, decolorized 

1 0 

2 

65-89 

77 

Fleischmann, No A 

1 0 

5 

32-93 

71 


To determine to what extent this acceleiation of catalase decomposition 
of hydiogen pei oxide is due to a piotection of the enzyme agamst deteriora- 
tion by the hydrogen peroxide, several expeiiments weie performed in whicli 
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a crude rat liver catalase was allowed to decompose the hydrogen peroxide 
at 0° The reaction constants of the decomposition remamed the same 
durmg a 20 mmute experimental period, mdicatmg no detenoration of the 
enzyme (Table II) The addition of a yeast extract (1 mg per ml , final 
concentration of Fleischmann’s undecolonzed concentrate) resulted m an 
mcrease in the reaction constant oier the control at the first period of 
measurement, ivith no change m this reaction rate durmg the remamder of 
the experimental penod (Table II) The same results were obtamed with 
a more active enzyme = 0 076) 

When the extracts were not allowed to stand with the enzymes durmg 
the equilibration period but were added simultaneously with the hydrogen 
peroxide to the enzyme-buffer mixture, the reaction constants of the 
experimental solutions mcreased durmg the course of the decomposition of 
the hydrogen peroxide Generally the maximum reaction constant was 
reached at 5 mmutes from the time of the addition of the hydrogen per- 


Table II 

Effect of Yeast Extract (Fletschmann) on Crude Catalase at 0° 
The experimental values are the average of two experiments 


Flask 

Yeast 

extract 

1 


Ko values 



Increase 

conceo 

tration 

5 mm 

10 min 

15 mm 

20 mm 

Omm ex 
trapolated 

Control 

mg per ml 

0 0 


m 




per cent 

Experimental 

10 ; 


IB 




78 


oxide The same phenomenon was observed when the extract was tested 
at 0° m systems contammg the piuified enzyme, Kat f 16,500 (Fig 2) 
The reaction constants of the experimental solutions contammg the extracts 
increased generally for the first 15 mmutes after addition of the hydrogen 
peroxide Similar results were obtamed m five experiments uuth the same 
extract (Fleischmann’s Extract A) Allowmg the extract to stand with the 
enzymes at 0° for vanous penods of equilibration did not change the 
course of reaction or the nse in the reaction constants The acceleration of 
catalase decomposition of hydrogen peroxide by a yeast extract was con- 
firmed independently by Sister M Julitta Bomkamp of Villa Madonna 
College, who used both a crude and a ciy^stallme {Kat f 25,300) enzyme 
(personal communication) 

To eliminate the difficulties inherent in the use of the titnmetnc pro- 
cedure, m vhich there is a reaction between permanganate and 3 east 
extract, necessitating blank determmations and correction factors, the 
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effect of the yeast extiact on the enzymatic decomposition of hydrogen 
peioxide was measuied by the gasometiic teclmique of Pcilmann and 
Lipmann (6) The couise of the leaction M'as followed by the volumetnc 
deteimination of the oxygen evolved The extiact m final concentrations 



Fig 2 Effect of yeast extract on decomposition of hydrogen peroxide by a purified 
enzyme {Kat f 16,500) Curve I, control (hydrogen peroxide, buffer, enzyme), 
Curve II, control + extract (1 0 mg per ml , final concentration) 

Table III 

Effect of Yeast Extract on Catalase As Determined by Gasomcinc Procedure at SO 


The results are the average of two experiments Twenty other similar expen 
ments confirm these observations 


Time 

Oj e\ohcd 

Control* j 

Yeast c'ctract. 2 0 rag 
per ml 


mn 

c mm 

c mm 

c mm 

5 

23 30 

33 70 

32 20 

10 

47 23 

59 93 

67 74 

15 

59 92 

72 85 

70 88 

20 

71 40 

8S 02 

85 75 


* Control = hydrogen peroxide, buffer, and ci ude enzyme 


of 1 and 2 mg per ml increased the evolution of oxygen (Table III) 
In twenty similar expeiiments with two yeast extiacta (ciude extracts of 
Fleisclimann and Anheusei -Busch yeast) qualitatively similar lesults were 
obtained In the absence of the enzyme the extracts in the same concentia* 
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tions did not decompose the hydrogen peroxide It is apparent that the 
oxidizable materials of the extract did not react appreciably ivith the 
oxygen hbeiated durmg the course of the decomposition of the hydrogen 
peroxide 


DISCUSSION 

With the permanganate titration procedure it was found that the 
permanganate reacted to a slight degiee (0 2 to 0 3 ml of 0 01 N permanga- 
nate per 5 ml of leaction mixture) ivith substances m the yeast extracts, 
presumably oxidizable mateiials The question immediately arose as to 
whether a leaction occurred between the matenals m the extract and the 
hydrogen peroxide in the presence of the catalase, a possible cychc process 
similar to that described by Keihn and Hartree (8) That such is not the 
case IS shown by the experiment (Table IV) in which the difference in the 

Table IV 

Reaction of Yeast Extract (Fleischmann’s, Undecolonzed) with Permanganate before 
and after Decomposition of Hydrogen Peroxide by Catalase 
Values given m ml of 0 01 n potassium permanganate 


ETperiraent 

No 

0 time enzyme absent 

60 min , enzyme present 

Yeast extract 
absent 

Yeast extract 
present 1 ml 

Difference 

Yeast extract 
' absent 

Yeast extract 
' present, 1 ml 

Difference 

1 

4 69 

4 85 

0 24 

0 09 

0 52 

0 43 

2 

4 69 

4 85 

0 24 


0 32 

0 24 

3 

4 72 

5 13 

0 41 

0 08 

0 33 

0 25 

Average 

4 70 

4 94 

0 29 

0 08 

0 39 

0 31 


amount of peimanganate lequiied at zeio time m the titration of 5 ml of the 
reaction mixtures in the presence and absence of yeast extract (blank 
determination) was the same as that after complete decomposition of the 
hydrogen peroxide (1 hour) 

Smce the reaction between yeast extract and permanganate loiiers the 
values for acceleration of the enzyme, the blank correction should be 
subtracted from the titration values for the experimental reaction imxture 
In Fig 1, Cun'es II and III respectively demonstrate the corrected and 
uncorrected values for the rate of reaction, and the amount of acceleration 
IS significant in the uncon ected Cun’^e III 

By the use of the gasometnc procedure, acceleration of the enTjunatic 
decomposition of hj’^drogen peroxide can be demonstrated vathout the 
complications inherent m the titnmetric procedure The increased 0x3 gen 
production obtained in the presence of the 3 east extract indicates that there 
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IS no reaction between the hydiogen pei oxide and the extract m the presence 
of the catalase 


SUMMARY 

By means of the peimanganate titialion proceduie, alcoholic extiactsol 
two strams of bakeis’ yeast were found to inciease the late of enzjTiiatic 
decomposition of hydiogen peroxide Systems containing both crude and 
purified catalase weie found to be accelerated by the extiacts The extract 
was partially puiified, ivith concentiation of its activity, by tieatmentiuth 
norit charcoal at pH 6 2 The gasometiic method of Perlmann and 
Lipmann (6) was moie satisfactoij’’ foi demonstiation of the acceleration of 
catalase by the extiacts, since it eliminated the necessity for the blank 
coriections lequiied because of the reaction between permanganate and 
the extract in the titiimetiic procedure The acceleration of hydrogen 
peroxide decomposition w as shown by the accelei ation of oxygen evolution 
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16-SUBSTITUTED STEROIDS 
IV 16-KETO-ar-ESTRADIOL AOT5 16-KETOESTRONE 
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{From Ihe Department of Btochemtstry, Southwestern Medical College, Dallas) 

(Received for publication, October 17, 1947) 

In 1942 one of us (1) submitted 16-oximmoestrone to reduction with zmc 
and aqueous acetic acid and obtained an a-ketol which was at first sup- 
posed to be one of the two theoretically possible 16-hydroxyestrones 
Subsequent work (2), houever, mdicates beyond reasonable doubt that a 
ketol which results on the 2 Mic-acetic acid reduction of a 16-oxiimno-17- 
ketosteroid (Stodola reduction^ (3)) is actually a 16-keto-17(Q;)-hydroyy- 
steroid Detailed structural considerations are reserved for subsequent 
treatment, it bemg the purpose here only to descnbe preparation and 
cbaractenzation 

Because of the mterest (4, 1, 5) in the possibdity that 16-ketoestrone and 

16- keto-a-estradiol may be mtermediates along the normal (or abnormal) 
metabolic pathwaj" of the estrogemc hormones, it seemed of importance to 
present a careful report on the sjmtheses of these two steioids in order that 
they rmght become accessible to all mterested mvestigators 

16-Keto-a-estradioI (Ilia) results on the zmc-acetic acid reduction of 
either 16-oximmoestrone (Ila) or of 16-ketoestrone (IV) This a-ketol 
forms, m nearly quantitative amount, a characteristic monooxime On 
treatment ivith benzoyl chlonde m the Schotten-Baumann method it 
yields a 3-monobenzoate On treatment ivith benz 3 d chlonde m the 
Claisen procedure there is obtamed a 3-benz3d ether- (Illb) which is identi- 
cal vuth the a-ketol furnished by the Stodola reduction of 16-oxiimno- 
estrone 3-benzyl ether (Ilb) In our hands 16-keto-a-estradiol juelded no 
precipitate inth digitomn 

By follovnng closely the method (6) recently descnbed for the prepara- 
tion of 16-ketoestrone 3-methyl ether it is possible to obtam, from 16- 

• A portion of the research presented m this paper was performed bj one of us 
while a National Research Council Fellow in the Medical Sciences (1941-42) at the 
Department of Biochemistry, College of Phjsicians and Surgeons, Columbia Uni- 
versitj Another portion was done at the United States Standard Products Com- 
pany , Woodworth, Wisconsin 

1 The term Stodola reduction is here applied to the reduction of any IC-o-amino 

17- ketosferoid with zinc and acetic acid In this reaction, originally applied by 
Stodola et al (3), there is curiously produced no amine, but an a-ketol instead 

• The methy 1 ether melting at 174-177° and its ovime melting at 175-177°, as ongin 
ally cited (1), arc not now believed to represent homogeneous substances 
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OMininoestione, 16-ketoestione (IV) with the phenolic hjThovyl iinsiibsti- 
tuted We found, howevei, that the fice phenol is much more soluble m 
the acid reaction mixture, thus necessitating the intioduction of a saltuig- 
out pioceduie to obtain the dione in ciystallme form 16-Ketoestrone i\as 
characteiized as the dimethoxime and the dioxime Upon reduction mth 
zmc-acetic acid, yellow 16-ketoestione yields white IG-kcto-a-estradioI 
(Ilia) which m turn gives only a monooxime upon tieatment ivith excess 
hydroxy lamme acetate The dioximes foimed by the oximation of IG 
oximmoestione and by the direct oximation of IG-ketoestione are identical 
Both dioximes furnish a gieenish 3’'ellow-colored complex vith cupnc ion 
This coloi reaction may be of possible utiht}'’ in the detection of 16-keto 
estrone m tissue or fluid, should it be present as postulated by Marnan 
(4) 

Estrone is transformed, m 93 per cent yield, to estrone 3-benzoate of 
sufficient puiity for subsequent nitrosation (7) Such estione benzoate 
yields 80 per cent ciude 16-oximmoestione (7) which may be purified mth 
20 pel cent loss IG-Keto-a-estradiol of acceptable quahty may ordinarily 
be obtamed fiom puie 16-oximinoestrone m a yield of 75 per cent From 
pure 16-oximmoestione the yellow dione, 16-ketoestrone, is procured in 
yields of 60 per cent of the theoietical amount Therefore, in these partial 
syntheses fiom estrone, the commonly obtamable over-all jnelds of IG 
keto-a-estiadiol and of 16-ketoestrone are 45 and 36 pei cent respectively 
The highest yield of crude 16-oximmoestione from estrone benzoate ever 
observed was 96 pei cent (7), and good quality 16-keto-a-estiadiol vas 
once obtamed from pure lG-o\immoestrone m 90 per cent yield Recal 
culated on the basis of these unusual yuelds, the over -all percentages for 
16-keto-a:-estiadiol and 16-ketoestione would rise to 63 and 42 respectively 
These latter figures aie of mterest m seiwing to mdicate possible maxima 

EXPERIMENTAL^ 

Reduchon of W-Oximinoesti one to 16-Keto-a-esti adiol — Pure IG-oximmo- 
estrone (Ila) (0 61 gm ) was covered noth 20 cc of water, and to the miv 
ture 1 6 gm of zmc dust plus 20 cc of acetic acid were added The mixture 
was siviiled over a free flame until solution of the steioid had become com- 
plete, the solution was then refluxed over the zinc for a period of 1 hour, 
allowed to cool somewhat, and decanted The zmc was twice rinsed mth 
3 cc portions of acetic acid and the combined acetic acid solutions diluted 
mth several volumes of water After a day’s standmg at i oom temperature 
the resulting white crystals were filtered, washed ivith watei, and diied m 
the oven (yield, 0 55 gm ) A subsequent leciystallization from 60 cc of 
50 per cent acetic acid (ice box) gave 0 44 gm of a-ketol (Ilia) meltmg at 

^ All meltmg points reported are uncorrected 
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232 5-234° (turning orange in color at the melting pomt^) Another re- 
el ystallization from 50 per cent acetic acid gave white plates m fan-shaped 
clusters vhich melted at 234-237° to an orange liquid This meltmg pomt 
was not influenced by further crystallization from aqueous acetic acid 

Analysis — CisHj Oj Calculated C 75 49, H 7 75 
Found “ 75 48, “ 7 73 
[af ” = -102° (27 24 mg m 5 00 cc of ethanol) 

We once obtamed from 0 50 gm of pure lO-ovimmoestrone 0 43 gm of 
16-keto-a-estradiol meltmg at 231-233 5° inth color change The yield 


R— O— 





Ilia, R = H, Illb, R = CH — CcHs (IV) 

m this reaction is usually, howevei, m the neighborhood of 75 per cent of 
the theoretical amount 

Attempted Digitomde Formation with 16-Keto-a-cstradiol — To 18 6 mg of 
pure 16-keto-a-estradiol were added 1 0 cc of 80 per cent ethanol and 8 0 
cc of a saturated solution of digitonm in 80 per cent ethanol The mi\ture 
was wanned gently to effect solution of the steroid and then stoppered and 
aliened to remain at room temperature Xo precipitation had occurred 
in tins solution after a period of 14 daj s 

16-Kcto-a-cstradiol Oxime — A solution of 45 mg of pure IG-keto-a- 
cstradiol (Ilia), 50 mg of hydroxj'-lamine lij’-drochloride, and 100 mg of 

* All 10 keto 17(a) hjdro\j steroids so far c\amined nliich melt in the neighbor- 
hood of 200° or more haie been obsericd to turn a jellow or orange color at the melt- 
ing point 
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ciystallme sodium acetate in 4 5 cc of ethanol plus 0 5 cc of water was 
lefluxed gently on the steam bath for 2 hours Watei (10 cc ) was then 
added, the leflux condenser lemoved, and boilmg continued until crystalli 
zation had commenced Crystallization w^as allowed 1 o continue in the ice 
box The yield of oxime %vas 45 mg (m p. 220-221°, with decomposition) 
After tieatment with chaicoal and reciystalhzation fiom aqueous methanol 
the meltmg pomt lose to 224 5-225°, with decomposition (yield, 32 rag) 

Analysts— ^CnB.siOs'N Calculated, N 4 C5,found, N4 61 

16-Keto-a-eslradiol 3-Monohenzoate — 16-Keto-<x-estiadiol (44 mg) nas 
dissolved lapidly m 30 cc of cold 0 5 n sodium hydi oxide and 0 5 cc le 
distilled benzojd chloride was added at once The stoppered mixture was 
shaken w^ell for 15 mmutes and allowed to lemam at loom temperature 
overnight The piecipitated benzoate was then filteied, ivashed with 
dilute sodium hydroxide, washed mth Avater, and then diied m the desic- 
catoi Aftei crystallization from 25 cc of methanol (plus 3 drops of acetic 
acid) 30 mg of ciystals meltmg at 234 5-236° (tummg orange m color) 
Aveie obtained Tieatment with charcoal and lecrystalhzation from 
acetone yielded 16 mg of monobenzoate meltmg at 241 5-243 5° (orange 
coloi) 

AnaZj/sis— C56H26O4 Calculated C 76 90, H 6 71 
Found •• 76 67, » 6 83 

Ntltosahoti of Estionc 3-Benzyl Elhci — Estione 3-benzyl etliei was 
nitrosated by the method (8) previously described for the S-metlyl ether 
The yield of crude lO-oximmosteioid (m p 163-165°, wuth decomposition) 
w'as 70 per cent Subsequent lecrystalhzation, once fiom methanol, twice 
from chloiofoim-ethanol, and once from ethanol mth the use of chaicoal, 
yielded fine, very pale yellow needles Awhich decomposed at 193 5-195 5 
(lib) 

AnoZj/sjs— C s^HjtOjN Calculated N 3 60 
Found (a) “ 3 61 
(6) “ 3 55 

16-Keto-a-esb adiol 3-Benzyl Ether — To 395 mg of crude IG-oxunino- 
estione 3-benzyl ethei (lib) and 13 cc of water 1 5 gm of zmc dust and 
26 cc of acetic acid iveie added The mixture was refluxed for 80 mmutes, 
and the supernatant fluid at once decanted fiom the zmc, the latter being 
Avashed tivice w'lth 6 cc portions of acetic acid To the combmed acetic 
acid solution 25 cc of watei iveie added and the ciystallization allowed to 
take place during 24 hours Tiny white needles (352 mg ) iveie obtained 
These melted at 192-195° (yellow coloi) Another crystallization from 
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aqueous acetic acid raised the melting pomt to 196-198 5° (yellow color) 
Treatment with charcoal and recrystalhzation from aqueous acetone did 
not improve this meltmg pomt® (Illb) 

Analysts — CstH-sOj Calculated C 79 7S, H 7 50 
Found (a) “ 79 72, “ 7 47 
( 6 ) " 79 62, “ 7 40 

BenzylaXion of 16-Keto-a-esiradiol — A solution of 399 mg of pure 16-keto- 
«-estradiol and 0 80 cc of benzyl chlonde m 20 cc of ethanol was refluxed 
over 0 90 gm of anhydrous potassium carbonate (steam bath) Potassium 
chloride soon commenced to precipitate After a total of 1 5 hours reflux- 
mg, water (5 cc ) was then added to the reaction mixture and the lattei 
allowed to stand ovemi^t m the ice box Fme, white crj’^stals (473 mg ) 
■were obtamed On recrystalhzation from 50 cc of acetic acid plus 15 cc 
of water, 416 mg of tmy white needles meltmg at 195-197° (yellow color) 
were obtamed These gave no meltmg pomt depression with the 16-keto- 
a-estradiol 3-benzyl ether (Illb) obtamed m the precedmg section 

Acetylation of 16-Keto-a-eslradiol 3-Benzyl Ether — ^To 0 37 gm of pure 
16-keto-a-estradiol 3-benzyl ether dissolved m 5 cc of dry p 3 Tidine, 3 cc of 
acetic anhydride were added The tn o phases were mixed v ell and allow ed 
to remam 24 hours at room temperature with occasional swirlmg The 
steroid acetate w^as then precipitated by the aid of 200 cc of ice-cold w atei 
After several hours m the ice box, the acetate wns filtered and w'ashed copi- 
ously wuth w'ater A reciystalhzation from aqueous acetone-ethanol gave 
0 38 gm of felt-hke needles meltmg at 141° 

Analysts — CjtHjoOi Calculated C 77 48, H 7 23 
Found (a) " 77 50, ” 7 23 
( 6 ) " 77 57, » 7 16 

16-Ketoestrone — ^To 500 mg of pure 16-oximmoestrone (Ila) and 5 0 gm 
of anhydrous sodium sulfite, 20 cc of acetic acid were added Tins mnx- 
ture was heated on the steam bath for 15 mmutes with frequent stirrmg, 
and then diluted with 5 cc of w ater Heatmg w as contmued for 45 mmutes 
longer with almost contmuous stirrmg After hating been cooled to room 
temperature the imxture was transferred to a separatory funnel with the 
aid of 200 cc of 3 per cent sodium bisulfite The clear aqueous phase was 
shaken w itli 250 cc of peroxide-free etbjd ether and separated The ether 
phase w as extracted agam with 50 cc of 3 per cent sodium bisulfite To 
the combmed bisulfite phases 30 cc of concentrated h} drochlonc acid and 

‘ Several samples of 16 keto a estradiol 3 601123 1 ether meltmg at 200° have been 
encountered It is possible that the rapiditj of temperature rise in the melting point 
bath IS hero a factor 
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a few small chips of poious plate weie added Tlie acidified solution njb 
heated on the steam bath witli almost conlmiious swiihng until ebullition 
fiom the poious stones had ceased Immediately 50 gm of pure sodium 
chloride (fine crystals) neic added and heating contmued for 15 minutes 
longer with frequent swnhng The mixture uas allowed to cool to room 
temperature and remain so ovcniight After filtration, copious washing 
rvith water, and dryrng in the desiccatoi, 284 mg of microscopic yellon 
crystals iveie obtained These sintered at 223° and molted, with decom- 
position, at 231-235° Of this matciral, 100 mg were made into the 
bisulfite addition compound and then h 3 ’'diolyzed to give G6 mg of pale 
yellow' crystals (microscopic) decomposing at 234-238° (IV) 

Analysts — CjsHsoOj Cnlculatcd C 70 03, II 7 00 
Found (a) “ 75 39, " 7 13 
(b) " 75 34, " 7 09 

Reduction of IG-Ketocsh one io 16-Kdo-a-esh adiol — 400 mg of IG-hcto 
estrone (m p 233-236°, w'lth decomposition) (IV) weie covered with 40 cc 
of 50 per cent acetic acid and a small spatula edge of zinc dust w as added 
The mixture w'as heated on the steam bath with swnlmg, and moie zme 
added as the yellow' color of dissolved drone appear cd After the stei oid had 
been totally dissolved, zme dust was added until the solution could not be 
fur ther decolor ized The supernatant fluid w'as decanted from the zme, the 
latter washed twnce with small portions of acetic acid, and the combined 
acid portions diluted with 8 volumes of w'ater After Iravmg been allowed 
to crystallize overnight (room temper atuie), the w'hite crystals weie filtered 
and washed w'ell with w'atei The jield, after di-jing, w'as 360 mg The 
crude a-ketol wms reciystalhzed from aqueous acetic acid to give 288 mg 
of material meltmg at 233 5-235 5° (orange color) (Ilia) This melting 
point w'as not depressed after admixture with 16-keto-a-estiadiol obtamed 
by the Stodola reduction 

Oximation of this a-ketol (40 mg of ketol, 60 mg of hydioxjdanrme 
hydrochloride, 120 mg of cr 3 'stalhne sodium acetate) gave 32 mg of oxime 
decomposing at 221-222° 

16-Ketoesii one Dimethoxime — 49 mg of 16-ketoestrone (mp 231-235, 
with decomposition) were covered with 2 00 cc of ethanol contaming 75 
mg of methoxylamme hydrochloride and then 0 60 cc of aqueous sodium 
acetate (=c= 134 mg of NaOAc 3 H 2 O) was added This mixture w'as 
diluted with 3 cc of ethanol and left 1 hour at room tempeiature with 
frequent swirling The solution was then refluxed for 1 hour, diluted with 
5 cc of w'atei, and distilled to turbidity After 2 days m the ice box, the 
dimethoxime was filtered and reciystalhzed from aqueous methanol, 
yield, 52 mg melting at 197 5—198 6° Reciystallization from absolute 
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methanol yielded 35 mg of flat needles mth only a famt touch of j^ellow 
color, these melted at 204-205° with decomposition 

Analysis — C.oHjsOjNj Calculated N 8 18 
Found (a) " 8 12 
(b) “ 8 01 

Oximalion of 16-Oximinoesirone — ^To a mixture of 46 mg of pure 16- 
oximmoestrone, 100 mg of hj’'droxylamme hydrochlonde, and 200 mg of 
crystalline sodium acetate were added 5 0 cc of ethanol and 1 0 cc of water 
The mixture n as refluxed 1 hour, treated mth charcoal, diluted "rnth 20 cc 
of watei , and heated on the steam bath until alcohol ceased to distil over 
The crystalhne dioxime, after having been alloved to stand foi several 
hours at room temperature, vas filtered, v ashed well mth water, and dned 
m the desiccator The diied dioxime weighed 42 mg and decomposed at 
217-218° 


Analysis — CisH-.^OsN's Calculated, N 8 91, found, N 8 65 

The most charactenstic property of this dioxime is the colored complex 
w'hich it gives with cupric ion No colored complex is obtamed with 
nickelous or cobaltous ion To obtam the color reaction the dioxime is 
first dissolved in a small amount of alcohol and the alcoholic solution 
diluted with a very w'eak aqueous solution of cupnc acetate A yellowish 
green color formation results, and this coloi is much more mtfense than the 
origmal very faint blue of the copper 

Occasionally a higher meltmg form of 16-ketoestrone dioxime is encoun- 
tered We have not been able to obtam it w ith consistency and do not 
know' the exact procedure to employ to proem e it This crystallme modifi- 
cation melts at 230-231° w'lth decomposition It gives the same color 
reaction ivith cupnc ion, and is therefore considered to be a crj'stallme 
modification rather than a geometnc isomer of the dioxime decomposmg 
at 217-218° 

Analysis — CuHj OjN- Calculated, K 8 91, found, N 8 73 

Oximahon of IG-Ketoeslrone — A solution of 66 mg of hjdroxjlamme 
hydrochloride m 5 0 cc of ethanol was added to 40 7 mg of 16-ketoestrone 
(m p 231-235°, with decomposition), and at once 1 0 cc of aqueous sodium 
acetate (=66 mg of NaOAc 3 H 2 O) was mixed m Solution was rapidlj 
effected, and the reaction mix-turc was then left 4 hours at room tempera- 
ture The solution was next refluxed mildlj for 1 5 hours, diluted wath 
5 cc of water and ethanol was distilled off until cn stallization in the hot 
solution had commenced The white ciystals, filtered after a daj at room 
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tempeiatme, weie tieated with chaicoal and icci^slalhzcd once from 
aqueous ethanol and once fiom aqueous piopanol The yield was 39 mg, 
melting at 218-219° with decomposition Tuo subsequent lecrystalhza 
tions from aqueous methanol did not i aise this melting point 

Analysis — CisHj^OjNj Calculated N 8 91 

Found (a) “8 84 
(6) “ 8 73 

This diOMme gave the coloi icaction with cupiic ion as descnbed in the 
piecedmg section It showed no depicssion of melting point aftei admix 
tuie with the dioxime (loxvci mcltmg foim) incpaied by oMniation of IG 
oximinoestione 


SUMMARY 

The paitial syntheses of IG-keto-a-estiadiol and of IG-ketoestrone arc 
described in detail The chaiacterization of these two substances is 
described 

Fiom estione, IG-keto-a-estiadiol maj'- be picpaicd in 45 per cent and 
16-ketoestrone in 3G pei cent 3 ’-ields 

The authois xxasli to expiess then mdebtedness to the United States 
Standaid Products Company, Woodwoith, Wisconsm, foi financial aidm 
support of this leseaich Thej'' also wish to thank hlr William Sasclieh 
and Di E W D Huffman for the micioanal 3 "ses leported m this papei 
The semoi authoi desues especiall 3 '' to extend his appreciation to Piofes- 
soi Hans T Claike, College of Physicians and Suigeons, Columbia Uni- 
versit 3 '', Nexv Yoik, imdei xxdiose counsel this lesearch was first commenced 
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METABOLISM OF SODIUM SELENATE AND SELENITE 
BY THE TISSUES’^ 

By mEN'E ROSENFELD and 0 A BEATH 
(From the Department of Research Chemistry, University of Wyoming, Laramie) 
(Received for publication, October 21, 1947) 

Vanous workers investigating the toxic action of selenium postulated 
'that changes m the forms of selenium occur m the animal The mecha- 
nism whereby the selemum is changed b3’' the tissues has been the subject 
of speculation, but no experimental evidence has been reported up to the , 
present time 

Hofmeister (1) has reported that the salts of selenium and tellunum are 
mduced to metalhc form m the body, afterwards methyl compounds are 
formed and these volatile compounds are elimmated by the lung Chal- 
lenger (2) pomted out that “this conclusion lacks experimental verification ” 
Schultz and Lems (3) studied the ehmmation of volatile selenium by the 
respiratory S3'stem when sodium selenite nas mjected subcutaneousl3' 
They reported that mthm 8 hours from 17 to 52 per cent of the mjected 
selemum v as eluninated as a volatile compound which could be absorbed 
by concentrated sulfuric acid The respiratory excretion of the volatile 
compounds was not mcreased by mcreasmg the potential source of meth3d 
groups by methiomne or chohne chlonde McConnell (4), m tune-excre- 
tion studies of exhaled selemum after the subcutaneous mjection of radio- 
active selenium m the form of selenate, found that 3 to 10 per cent of the 
ongmal dose Avas exhaled dunng the first 6 hours Potter (5) im'-estigatmg 
the action of A'anous compounds, among them sodium selenate and selenite, 
on 3 east respiration m a glucose substrate obsen'ed that with selenite the 
mhibition began at once, while with selenate the 0x3 gen uptake nas re- 
duced only at the end of 2 hours Potter and Eh ehjem (6) studjong the 
succmoxidase as it occurs m chick tissues found that the enz5Tne S3 stem 
was inhibited b3’' C3'anide, sodium selemte, and sodium arsenite, nhile 
sodium fluoride, sodium selenate, and arsenate nere relatiAel3' non-toxic 
at the end of 1 hour The3 suggested that the selenate must be reduced 
to selenite b3’’ tissues before an3’’ toxicity results 
A survey of the hterature rei eals no expenmental eiudence on the site 
of conA'crsion of selenate to selemte, formation of A'olatile selenium, or 
reduction to elemental selemum These changes haie been postulated, 
but up to the present time no ex-penments baie been made mth organs 
takmg part in these transformations 
In our studies m ini estigatmg the ph3 siological action of selenate and 
* Appro\ed for publication bj the Director of the Evpenment Station 
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selemte on isolated guinea pig intestine, we obseiwcd that 75 parts per 
mi ll ion of selenate did not inteifcre with the noimal function of this tissue, 
while 8 paits pei million of selenite completely mhibited the intestinal 
motility These expeiiments indicated that selenate was an atoxic form, 
at least to the intestine, and that selenite Mas the toxic form of selenium 
ivhich could inhibit the noimal function of the intestine If the selenate 
IS conveited into selenite befoie it can exeit its toxic elTcct the site of con- 
\eision is not isolated intestine Details of these expeiiments will be pub 
hshed 111 nnothei icpoit In oidei to get some evidence on the metabolism 
of sodium selenate and selenite, ive attempted to study the effect of vaiious 
flesh tissues and autoclaied livei tissue on these compounds In this 
lepoit we piesent the lesults of these expeiiments 


EXPLKIMENTAL 


Flesh beef liver, spleen, and blood iveie used in the expeiiments, since 
these organs m animal poisonmg have a high concenti ation of selenium 
(7) Each expeiiment was repeated tliiec times, and the lesults given are 
the closest agieement of tivo expeiiments The tissues Mere used 30 
mmutes after the animals M^ere slaughteied If the tissues Mere kept 
longei, theie Mas cousideiable variation m then action on selenate and sele- 
nite Tissues of othei animals, such as sheep, gumea pigs, and rats, showed 
considerable difference in their action on selenate and selenite It is knoum 
that different species of animals show vaiiations m susceptibility to the 
toxic action of selenium In order to mvestigate the obseiwed differences 
m the physiological action of selenate and selenite on gumea pig mtestine, 
M^e have included this organ also in oui study We have obsenmd some 
variations m the results by changing the temperature, but our repoit deals 
only with the lesults obtamed at room temiieiatuie 
In each expeiiment M^e used 20 gm of tissues and 5 cc of saline solution 
contammg 5 mg of sodium selenate and selenite selenium 
The method of pioceduie and scheme of fiactionation are piesented in tlie 
accompanymg diagram 


Macerated tissue, 5 mg of selenate or selemte selenium, 25 cc saline, mi\ed fre- 
quently, room temperature for 2 hours 
Supernatant liquid decanted 

Tissues washed repeatedly with 10 cc saline >tissue washed free of selenium, 

Total volume of 100 cc collected and divided into 2 parts 


Washing centrifuged 
1 hr at 1500 n p m 

I ' 1 

Sediment dried at 70° Supernatant liquid 

Analyzed for elemen- 20 cc analyzed for 
tal selemum, total selenate selenium, 

selemum selemte selemum, 

total selenium 


Part^i dried at 70°, analyzed 
for elemental selemum, total 
selenium 

Part 2, fresh, analyzed for total 
selemum 
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The first results with the hver indicated that there was a considerable 
loss of selenium when selenite salt w'as m contact with the tissues and less 
with selenate Smce each fraction of the tissue and supernatant hquid was 
analyzed, we concluded that this loss was due to volatile selenium 
Therefoie, wn mserted several absorption flasks, usmg procedures similar 
to that of McConnell (4) or Schultz and Leivis (3) but with some vanation 
m the absorbents used We used the foUowmg absorbents hydrobromic 
acid followed by water, sulfuric and nitric acids and sodium hydroxide, 
or only sulfuric and nitric acids These modifications were mstituted when 
we became aware that the recoverj"- of volatile selenium was not quantita- 
tive 

Analysis for selenate, selenite, and elemental selenium was carried out 
according to Byers et al (8) Determmations of total selenium and of 
volatile selenium, detennmed as total selenium, were carried out accordmg 
to the method of Klme (9) 


Results 

Effects of Ltver Tissue on Selenate and Selenite — Changes m the form of 
selemum occurred when sodium selenate and selenite were m contact wuth 
fresh hver tissue Table I gives the results obtamed 26 per cent of the 
origmal selenate was converted to selenite, mdicatmg that the hver is a site 
where reduction from selenate to selenite takes place Calculated on the 
basis of the selemum added, 17 per cent of selenate and 31 per cent of 
selenite were changed to volatile selenium In the selenate experiments we 
have recovered an average of 5 per cent and m the selenite an average of 
15 per cent of volatile selenium In experiments in vivo, with the same 
absorbents, other w'orkers wnre able to recover larger amounts of volatile 
selenium The only explanation we have for the lower values m our exper- 
iments IS that the forms of volatile selenium in vitro may be different from 
those formed in vivo 

Selemte ivas reduced to elemental selenium by the hver, part of this was 
present m the centrifuged sediment and part m the tissues No reduction 
of selenate to elemental selemum took place under our present experimental 
conditions with hver 

In addition to the reduction of selenate to selenite, and \olatile sele- 
mum, m the supernatant hquid, “combmed selemum” was present, as can 
be seen from the results Evidence for a “combmed selenium” is the fact 
that the total selenium content of the supernatant liquid w as alw a3 s greater 
than the sum of the selenate and selenite selenium contamed thcrem Tins 
difference m selemum values is called “combmed selenium” in our tables 
Wliether this selenium w as m colloidal or organic form combmed with the 
water-soluble protems, we cannot state at the present time 

In order to mvestigate the factors responsible for the changes m the forms 
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of selemum by the fresh tissues, wc have studied the effect of autoclaved 
liver on selenite and selenatc Tlic results of the experiments, gnen in 
Table II, indicate that only fiesh tissue has the property of decomposing 
the selcnate to selenite and con vei ting the selenite into elemental and vol/i- 


Tadle I 

Chemical Dccomposilion of Sodium Sclcuaic and Sclcnilc in Contact mlh 
Fresh Beef Liver for S Hours at Room Temperature 


Form of Se 
added 

1 

Se recovered from 

Form of Sc rcco\ cred from 
\nrious fractions 

Com 

bined 

Se* 

I 

Selenite 

Sele- 
[ natc 

Ele- 

mental 

Total 



per cent 

per cent 

per cent 

per cent 

per cent 

per cerj 

Sodium 

Supernatant liquid 

26 0 

23 4 

0 

49 8 

0 4 


selcnate 

Ccntiifuged sediment from 




3 6 




supernatant liquid 








Macerated liver 




28 9 


5 0 

Sodium 

Supernatant liquid 

40 



33 7 

29 7 


selenite 

Centrifuged sediment from j 



3 6 

9 7 




supernatant liquid 








Macerated liver 



4 9 

26 3 


15 0 










* Combined selenium = total Se — (Belcnate + selenite) 


Table II 

Effect of Autoclaved Liver on Sodium Selenatc and Selenite 


Form of Se added 

Se recovered from 

Form of Se rccoi ered* from \arious 
fractions 



Selenite j 

Selenate 

Total 



1 

per cent \ 


per cent 

Sodium selenate 

Supernatant liquid 

Centrifuged sediment fiom I 

supernatant liquid ' 

Macerated liver 

0 

1 

1 

H 

85 0 

11 5 

2 5 

“ selenite 

1 

Supeinatant liquid 

Centrifuged sediment from the 
supernatant liquid 

Macerated liver 

20 

0 

20 2 

33 G 

46 3 


* Elemental, none 


tile selenium We have found that selenite has a greater affinity for tissues 
than selenate whether it is m contact ivith fresh or autoclaved tissue Tla® 
affinity of selenite foi the tissues may account foi its mstabihty, rapid vola- 
tilization, and reduction to elemental selenium when it is m contact with 
fresh tissue The factor or factors which accomphsh the decomposition of 
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selenate and selenite are heat-labile, since the forms of selenium added were 
not altered by the autoclaved tissue Perhaps the factors responsible for 
the changes are enz3Tnatic m nature 

Effect of Blood on Sodium Selenate and Selenite — Smce blood contams 
large amounts of selenium durmg selenium poisonmg, we studied the effect 
of freshly drawn beef blood on selenite and selenate selenium The method 
of procedure was the same as that outlined previously 

Table III 


Chemical Changes in Sodium Selenate and Selenite in Contact with 
Beef Blood at Room Temperature for 2 Hours 





1 Form of Se recovered from 



Form of Sc 
&dded 



' various fractions 


Com- 

Volatile 

Tissue used 

Se recovered from 






Se re- 

Stie- 

Sele- ' 

Ele- 

Total 

Sc* 

covered 



1 

Cite 

nate 

mental 






fer 

Per 


Per 


ter 




ctnl i 

cent 

cent , 

cent 

cent 1 

cent 

Sodium 

Whole blood 

Supernatant liquid 

6 3 

66 0 

0 

95 3 

23 0 


sale- 









nate 


Centnfuged red 



0 

3 2 


0 6 



blood cells 








Red blood 

Supernatant liquid 

0 

80 8 


91 3 

10 5 


1 

cells 

Red blood cells 



0 

8 2 




Plasma 

Supernatant liquid 

4 8 

36 6 


97 0 

55 6 

1 2 ^ 

Sodium 

Whole blood 

Supernatant liquid 

9 1 



84 1 

75 0 

1 1 2 

sale- 









mte 


Red blood cells 



0 9 

14 7 




Red blood 

Supernatant liquid 

56 0 


0 

87 1 

31 1 



cells 

Red blood cells 



0 7 

12 4 




Plasma 

Supernatant liquid 

5 3 1 


0 

93 0 

1 

! 87 7 

1 

2 0 


* Combined selenium = total selenium — (selenate + selenite) 


After incubation of the whole blood and blood cells with selenite, con- 
siderable hemotysis of the cells occuired, iihile selenate did not affect the 
cells Results of the experiments are gi\ en in Table III The vhole blood 
reduced the selenate to selenite, but the amount of selenite formed was 
considerably less than with livei Houeier, “combmed selemum’' nas 
higher than that observed m the liver experiments 

In order to study the part of the blood responsible for the reduction of 
selenate, iie tested the red blood cells and plasma separate!) inth this com- 
pound The results mdicate that the plasma has the abihty to reduce the 
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selenate to selenite and volatile selenium, and to change tlie foim of selen- 
ium, smce 55 6 per cent of selenium rccoveicd was “combined selenium ” 
The red blood cells did not convert the selenate to selenite and only 10 5 
pel cent of “combined selenium” was lecovered 
Similai expel iments with the selenite rveie earned out, the results of 
Avhich aie also given in Table III The selenite vas loduced to elemental 
selenium by whole blood and by the led blood cells, while the plasma caused 
no 1 eduction The distiibution of selenite in the supernatant liquid uitb 
whole blood, plasma, and led blood cells shoved considerable vanation 
Small amounts of selenite remamed in the supernatant liquid vith vhole 

Table IV 


Chemical Changes in Sodium Selenate and Selenite in Contact with 
Beef Spleen at Room Temperature for ? Hours 





1 Form of Se recovered from 



Form of Se 
added 


1 


various fractions 


Com 

VoIaUlt 

Se recovered from 






bined 

Se re- 


Sele- 

Sele- 

Ele- 

Total 

Se* 

covered 




nite 

Date 

mental 






per cent 

per cent 

per cent 

per cent 

per cent 

per cull 

Sodium 

Supernatant liquid 


18 3 

42 4 

0 

62 7 

2 0 


selenate 

Centrifuged sediment 

from 


1 

0 

2 6 




supernatant liquid 
Macerated spleen 




0 8 

' 22 1 


4 2 

Sodium 

Supernatant liquid 


6 0 



24 2 

19 2 


selenite 

Centrifuged sediment 

from 


1 

1 

1 3 

1 

6 1 




supernatant liquid 
Macerated spleen 




19 5 

47 3 

1 

1 

1 

6 7 


* Combined selenium = total Se — (selenate selenite) 


blood and plasma, while with the red blood cells 56 per cent of the selenite 
was rmchanged The supernatant liquid of the whole blood, red blood 
cells, and plasma contained “combmed selenium ” The amounts present 
were as follows whole blood, 75 0 per cent, led blood cells, 31 1 per cent, 
plasma, 87 7 per cent 

Effect of Spleen on Sodium Selenate and Selenite — The sequence of changes 
when selenate and selenite were m contact with beef spleen was similar to 
that obsei-ved Avith the liver, as can be seen from Table IV This was the 
only tissue m which we have obtamed elemental selenium when we started 
rvith selenate Although the amoimt was small, it is an mdication that 
after selenite is formed from selenate reduction to elemental selenium can 
take place 
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Treating the spleen with selenite selenium, m e obtamed 19 5 per cent of 
elemental selenium Reduction of selenite to the elemental form with this 
tissue was greater than -with any of the other tissues tested 

Only 5 pel cent of selenite, the form added, was present, the remamder 
was either m combination wath tissue proteins or w as converted into volatile 
selenium 

Effect of Guinea Pig Intestine on Sodium Selenate and Selenite — Accordmg 
to our observation, selemte and selenate showed remarkable differences m 
their phj’^siological action on gumea pig mtestmes Using the same method 
as m the pre\aous experiments, w'e have mvestigated the effect of this organ 
on sodium selenate and selenite 

The results of these experiments are given m Table V It is mterestmg 
to note that the gumea pig mtestme did not produce any changes m the 
form of selemum added, except the attachment of selenium to the tissue 


Table V 

Effect of Fresh Guinea Pig Intestine on Sodium Selenate and Selenite 


Form o! Se added 

1 

1 

Se recovered £rom 

Form of Se recovered* from 
various fractions 



Selemte 

Seleaate 

Total 



ter tent 

per cent 

ter cent 

Sodium Belenate 

Supernatant liquid 

Guinea pig intestine 

0 

j 

89 5 

90 2 

10 4 

“ selenite 

Supernatant liquid 

Guinea pig intestine 

66 3 

0 

67 2 

33 6 


* Elemental, none 


With this tissue as m the previous experiments the selemte showed a greater 
affinity than the selenate for the tissue These results mdicate that the 
difference m the physiological action of selenate on gumea pig mtestme was 
due to the failure of this organ to change the selenate to selemte 

DISCUSSION 

It IS apparent from the data presented here that fresh beef hver, spleen, 
w’hole blood, and plasma change the forms of selenium in vitro, while auto- 
claved hver and fresh gumea pig mtestme do not produce similar changes 
The red blood cells produce changes by formmg “combmed selemum” when 
selenate or selenite is added These results suggest that the fresh gumea 
pig mtestme does not contam the necessary factor or factors (cnzjTnes) to 
decompose the selenium in vitro The factor or factors (enzymes) m the 
hver which decompose the selemte are heat-labile, smce autoclanng the 
tissue destroys the substances which brought on the decomposition of the 
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compounds, Selenate is converted into selenite by vaiious fresh tissues 
These tissues show a gieat deal of vaiiation in their ability to change the | 
selenate to selenite The highest activity is shomi by tlie liver, followed 1 
by spleen, vvhole blood, and plasma The led blood cells are unable to j 
change selenate to selenite The attachment of selenite to tissue proteins ' 
IS evidenced fiom the lesults Only a small amount of selenite was re ^ 
coveted fiom the supernatant fluid as selenite, the laiger amounts neiein j 
the centiifuged sediment oi tissues, oi they combmed with the soluble pro- j 
teins and weie lecov’-eied as “combmed selenium ” 

The distribution of the selenate and selenite aftei contact w ith the various j 
tissues shows some vaiiations, but the tiend appeals to be similai These j 
expel iments indicate that the metabolism of selenate and selenite is similar, 
but the amount of volatile selenium formed fiom the selenite is much gi eater 
than fiom selenate This ma3'’ explam the differences m the results oh- j 
tamed bj’’ Schultz and Lew'is (3) and McConnell (4) m their studies on the , 
respnatoiy ehmmation of volatile selenium The former used selenite and 
obtamed 17 to 52 pel cent volatile selenium and the latter used selenate and 
obtamed 3 to 10 per cent of volatile selenium The amount of volatile 
selenium foimed by the addition of selenite and selenate to the hv^er tissue 
approximates the amoimts repoited m vivo How'ever, the total volatile 
selenium m all the organs studied was higher than repoited bj’’ these work 
ers We must take mto consideiation that in in vivo ex-penmen ts the vola 
tile substances aie tiansported by the blood and that considerable changes 
may occur m the volatile substances 

Wright (10) m study mg the effect of sodium selenate and selenite on 
oxygen consumption of mammalian tissues obsen^ed that a higliei concen- 
tration of selenate than selenite was necessary foi equivalent depiession 
He obseiwed that bram slices w^ere little affected by selenate, W'hile the 
oxj^gen uptake of livei slices wms altered by a low-er concentration liidney 
and muscle w^ere shghtly more sensitive than brain but less so than liver 
Intel pietmg his lesults on the basis of our present obsei-vations would uidi- 
cate that the addition of selenate to hver tissue, which m our expeiiment 
was able to conveit the selenate mto selenite, would interfeie with the 
oxygen consumption Aftei conversion occuiied, the effect w'ould be the 
same as that of equn alent amoimts of selenite Selenite depressed the rate 
of oxy^gen consumption m all of the tissues studied This fact suggests 
that the toxicity of selenate to the tissue may depend upon the abihty of 
the tissues to convei t the selenate into selenite 
The sequence of tiansformation by the various tissues mdicates that the 
decomposition of selenium follows a definite pattern, from selenate to selen- 
ite, “combmed selenium,” and volatile and elemental selenium There is 
a possibihty that in vivo the reactions are lev^'ersible Observations m am- 
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mal poisoning seem to indicate this fact Beath (11) observed that symp- 
toms of poisonmg, due to the delayed action of selemum, occurred several 
months after the animals were removed from seleniferous areas 

STJIIMAET 

1 In in vilro experiments we demonstrated that sodium selenate is con- 
verted mto selemte and volatile selemum by beef hver, spleen, whole blood, 
and plasma These tissues also convert the selemte to volatile selemum 
and reduce selemum to the elemental form There are variations m the 
abihty of the tissues to brmg about these changes 

2 Autoclaved beef hver and fresh gumea pig mtestme are uuable to 
effect any changes m selenate or selemte The factor or factors present m 
hver which decompose selemum are heat-labile smce the 3 ’’ are destro 3 ^ed by 
autoclavmg The fresh gumea pig mtestme does not contam the factors 
necessary for the decomposition of the compounds studied 

3 Decomposition of selenate and selemte follows a definite sequence of 
reactions Some of the changes m the forms of selemum were deterrmned 
by chemical means and others by the differences m the results obtamed, 
smce no methods at the present time are available for their determination 

4 Recover 3 ' of volatile selemum w'as not quantitative with the absorb- 
ents used 

5 On the basis of these expenments we have pi oved the postulation that 
selenate and selenite are changed by the tissues and the toxicity of selenate 
is due to its conversion to selemte by the tissues 
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THE ROLE of bicarbonate IN THE GLUTAMIC ACID 
METABOLISM OF LACTOBACILLUS ARABINOSUS* 


Sirs 

In a study of glutamic acid metabolism, we have found that oxalacetate 
inhibits the groivth of Laclohacillus arahinosus when the keto acid is added 
to the medium devised by Hac, Snell, and Williams ‘ The inhibition is 
dependent on the pH of the medium At a concentration of 0 82 X 10"’ 
M glutamic acid, 24 X 10"’ m oxalacetate is required to mhibit completely 
at pH 5 7, whereas, at pH 7 7, only 6 X 10"’ m oxalacetate is needed durmg 
an incubation period of 20 hours The inhibition is overcome by a 4-fold 
mcrease of glutamic acid (3 2 X 10"’ m) or by a concentration of 7 X 10"’ 
M glutamme The effect of glutamme is not a matter of accelei ated growdh 
rate, since this is the same m the presence of glutamic acid, glutamine, or 
glutamine plus oxalacetate It appears unlikely that oxalacetate itself 
is responsible for the groivth inhibition, for the keto acid decomposes inthin 
a few hours- even in the absence of bacteria Malonic acid, fumaric acid, 
a-ketoglutaric acid, a-hydro\yglutaric acid, citnc acid, succmic acid, or 
pyruvic acid does not inliibit bacterial growth at concentrations equn alent 
to those of oxalacetate 

The inhibition appears to arise from the carbonic acid formed in the 
spontaneous breakdown of the oxalacetate, sodium bicarbonate in the 
same molar concentrations as oxalacetate inhibits bactenal growth The 
mhibition is also dependent on pH complete inhibition occurs at pH 7 4 
with 0 8 mg of sodium bicarbonate per ml (9 5 X 10"’ si) and at pH 6 3 
mth 2 8 to 3 6 mg m the presence of 0 82 X 10"’ si glutamic acid 

The bicarbonate appears to mterfere mth the transformation of glutamic 
acid to its amide, for the inhibition is os'ercome by a 3-fold mcrease of 
glutamic acid oi by the addition of traces of glutamine (0 4 7 per ml , 2 7 X 
10"* si) Tlie blocking of amidation by bicarbonate is probabh- of greater 
biological significance than the mterference mth glutamic acid metabolism 
at this stage by the sulfoxide derived from methionine ’ Smce glutamine 

* This work n as supported b> grants from the Rockefeller Foundation and the New 
York Foundation 

’ Hac, L R , Snell, E E , and Williams, R J , J Biol Chem , 169, 273 (1945) 

* Krebs, H A , Biochcm J , 36. 303 (1942) 

’ Waclsch, H , Owades, P , Miller, H K , and Borek, E , J Biol Chem , 166, 273 
(1946) Borek, E , and Waelsch, H , Arch Btoehem , 14, 143 (1947) 
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does not undeigo transamination,'* the conccn tuition of bicaibonatemaybe 
the determmmg factor m diiectmg the utilization of glutamic acid either 
toAvard amidation or towaid tiansamination In turn, the concentiation 
of caibon dioude is regulated by the mechanisms of caibon dioxide fixation, 
one of the end-pioducts of which is aspaitic acid foimed by transammation 
fiom glutamic acid The loweimg of the caibon dioxide concentration by 
this process may channel glutamic acid metabolism in the direction of amide 
fonnation, thus lestiictmg the utilization of this ammo acid for transamma 
tion 

Departments of Biochemistry HEiNRicn Waelsch 

New York Stale Psychiatric Institute and the College of Blanche A Prescott 
Physicians and Surgeons Ernest Borek 

Columbia University 
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* Braunstein, A E , in Anson, M L , and Edsall, J T , Advances in protein 
chemistry. New York, 3, 1 (1947) 


RATE OP PENETRATION OF ELECTROLYTES INTO 
NERVE-FIBERS 


Sirs 

Among the many substances of interest m connection with permeability, 
which IS one of the most essential factors in the function of hvmg cells, 
ions play a particularly important role m the physicochemical mechanism 
of nerve activity 

The permeability of the surface membranes to ions and their rate of 
penetration have been mvestigated mth the aid of radioactive ions Giant 
nerve-fibers of squid, as used previously for the study of the penetration of 
anticholinesterases,' were exposed for varying penods of time to artificial 
sea water in n^hich one of the normally occurring ions was replaced by the 
radioactive ions in equimolar concentration After exposure, the axoplasm 
was extruded and the concentration of the radioactive ions determined with 
the aid of a Geiger counter So far, K, Na, and Ca have been studied m 
this way 

The concentration of K m the axoplasm is 18 times as high as m sea 
water On exposure to sea water containmg radioactive in the usual 
concentration (0 013 m), a high rate of penetration against the gradient 
was found Within 60 minutes the radioactive K inside u as about tince 
as high as outside With a K concentration outside about tmce normal, 
the rate of penetration nas approximately doubled The rate remained 
relatively high throughout the obsen'-ation penod (100 minutes), although 
it was highest in the beginnmg and decreased slowlj’- and continuously 

The concentration of Na is very low m the axoplasm, vhereas it is high 
m sea water (0 52 m) On exposure of the nerves to sea uater uath Na-’ 
partially replaced by radioactive Na"', it was observed that the rate at u hich 
Na penetrated was high dunng the first 15 to 20 mmutes but then became 
low and remained fairty constant The amount inside rose to about 25 
to 30 per cent of that outside 

The concentration of Ca is also high in sea vater compared inth that m 
the axoplasm On exposure of the nenms to sea uater containmg radio- 
active Ca'^ (0 012 w), the Ca penetrated up to a concentration corresponding 
to about 60 to 80 per cent of that outside The concentration of the three 
ions inside (Ci) compared to that outside (Co) as a function of time of ex- 
posure IS shown in the figure 

The implication of these results mil be discussed in detail elseiiherc 

' Bullock, T H , Nachmansohn, D , and Rothenbcrg, M A , J Keurophjttol , 
S, ? (1946) 
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They are a stnkmg confiz-mation of the geneial conclusion of ICrogh® and 
othei mvestigatois that permeability is not a simple diffusion but requires 
an active process in the surface membianes 

Departments of Neurology and Biochemistry Mortimer A Rothenbebo 

College of Physicians and Surgeons Ebuey A Feld 

Columbia University 
New York 

Received for publication, November 15, 1947 


* Ejogh, A , Ptoc Roy Soc , London, Series B, 133, 140 (1946) 


MAGNESllBI AS AN ACTWATOR OF ANTINVASIN* 


Sirs 

Haas’ shotved that there occurred m serum a factor, which he called 
antinvasm I, that diminished the activity of hyaluromdase on hyaluronic 
acid This activity of antmvasm I was followed by viscosimetnc tech- 
mques * We attempted to use citrated blood plasma m place of serum to 
mlubit hyaluromdase and n ere imsuccessful This led us to the observa- 
tion that serum was mactivated in its antmvasm potencj^ by the addition 
of citrate (Expenment 1) or oxalate Recalcification failed to restore the 
antmvasm actmtj’', whereas the addition of Mg was completely effective 


Effect of Salts on Anttnvasin I Activity 



Serum 

Added salt 

Final concentra 
tjoD of added 
salt X ir* 

Antin\asm 

activit> 

Per cent of 
activity 


Untreated 

None 


3 09 



<( 

Na citrate 

0 2 

1 85 

60 


«< 

it a 

2 0 

1 15 

37 


ft 

it it 

4 0 

0 59 

19 


it 

it it 

8 0 

0 21 

7 


i< 

it it 

20 0 

0 03 

1 


«• 

CC Cl 

40 0 

0 

0 


None 

<1 If 

40 0 

0 

0 

2 

Dialyzed* 

None 


0 38 

12 


Cl 

MgCl, 

0 01 

0 64 

21 


<c 

If 

0 1 

1 20 

39 


Cl 

If 

1 0 

2 22 

72 


<1 

fC 

10 0 

4 24 

137 


None 

<( 

10 0 

0 

0 

3 

Dialyzed 

None 


0 38 

12 


11 

CaCl, 

0 3 

0 63 

20 


If 

If 

0 6 

1 67 

61 


CC 

If 

1 0 

1 31 

42 


it 

If 

2 0 

1 23 

40 


it 

If 

3 0 

1 10 

36 


None 

If 

3 0 

0 

0 


* Pig Bcrum was dialjzed against 0 155 m borate buffer, pH 6 7, for 40 hours, fol- 
lowed bj dialysis against distilled water for 24 hours 


• This work was supported in part bj grants from the Brush Foundation of Cleve- 
land and bj the Research Fund of the Stanford University School of Medicine 
1 Haas, E , J Btol Chem , 163, 63 (1946) 

’A purified hjaluronidase was obtained from the Schenng Corporation, the 
hjaluronic acid was prepared from human umbilical cord, pig scrum was the source 
of antinvasm I 
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We tlierefoie tested the liypothcsis that Mg was an activator of antm 
vasin by diminishing seiiira Mg to 0 05 mg pci cent and Ca to 3 4 mg per 
cent by dialysis Dialysis resulted in a loss of activity which could be 
restored by the addition of Mg (Experiment 2), Ca was i datively ineffective 
(Expenment 3) 

We aie noAV engaged in lelating these findings to citrate metabolism 
The fact that citiatc occiiis in piostatic fluid,® that hyalui onidase is found 
in sperai,'’ and that a gel pi esumably of hj'-aliii onic acid sui i oimds the ovum' 
suggests the possibility that in the process of fei tilization the effectivenesb 
of speim IS dependent upon the citrate content of the prostatic fluid and 
its piotective action against antmvasm m the female reproductive tract 
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MILK XANTHOPTERIN OXIDASE AKD PTEROYLGLUTAMIC 

ACID* 


Sirs 

Wieland and Liebig* have recently described the presence in liver and 
milk of an enzyme which catalyzes the oxidation of xanthoptenn We have 
found that xanthopterin oxidase can be concentrated in the follomng way 
Whey IS 0 75 saturated with ammonium sulfate The precipitate is re- 
dissolved m pyrophosphate buffer, pH 8 5, and reprecipitated by 0 25 to 
0 38 saturation The product is redissolved m 0 1 m pyrophosphate (pH 
8 5) and repeatedly fiactionated with ammonium sulfate, the golden brown 
color, which is apparently associated with the xanthoptenn oxidase actnuty, 
being employed as a guide The precipitates so secured are partially 
bleached in 2 to 4 minutes on addition of xanthopterin under anaerobic 
conditions, this effect can be measured spectrophotometncally at 470 lUfi, 
at nhich wave-length neither xanthoptenn nor leucopterm absorbs sig- 
nificantly The decrease m density at 470 ma amounts to about 25 per 
cent The color is restored by oxygen, which, however, causes gradual 
precipitation of leucoptenn 

The catalytic activity of xanthoptenn oxidase has been studied by ultra- 
violet spectrophotometry and by a fluorometnc method These methods 
have been used to detect and determine xanthoptenn in biological matenals 
The catalytic activity of xanthoptenn oxndase has been studied by' tv o 
methods (1) an ultraviolet spectrophotometnc method and (2) a fiuoro- 
metne method The same two methods have been used to detect and 
to determine xanthoptenn m biological matenal 
Spectrophotometnc Method — When xanthopterin is oxidized in the presence 
of the specific oxidase, the follomng changes m density take place the 
density at 330 mp increases markedly^ and the density at 270 m^ decreases, 
at 288 tap no change m density takes place For each microgram of syn- 
thetic xanthoptenn* per ml the density at 330 m^t increases by 0 031 
The product formed is presumably leucopterm, inasmuch as the ultraviolet 
spectrum exlubits the characteristics of that substance (density maxima 
at 340 and 286 ma) The particularly low solubility of the substance 
formed as n ell as the shift in fluorescence mth pH points m the same direc- 
tion 

• Supported bj grants from the Donner Foundation, Inc , the Lederle Labora- 
tories, the Rockefeller Foundation, the Carlsberg Foundation, and the Ella Sachs 
Plots Foundation 

1 Weland, H , and Liebig, R , Ann Chc-n , 655, 146 (1944) 

’ Ivindlj furnished bj Dr T H Jukes and Dr E L R Stokstad, Lcderlo 
Laboratories 
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Fluoromeinc Method — ^Xanthopteim exhibits a stiong blue fluorescence 
at pH 8 (m/15 phosphate buffei ) Upon addition of a small amount of the 
specific oxidase the fluoiescence deci eases rapidl}^ The product formed is 
piactically devoid of fluorescence but can be converted to a fluorescent 
substance by addition of concentiated NaOH This icaction is supposed 
to be chaiacteiistic foi leucoptcrm^ The en7ymic modification of the 
fluorometiic method peimits a quite specific estimation of xantlioptenn 
in concentrations as small as 0 01 7 pei ml Uime (dnectly 01 as a nont 
eluate^) can be analyzed foi xantlioptenn by the same method 
Effect of Pieroylgkdamic Acid on Xanihoplcrin and Xanlhme Oxidase— 
Milk xantlioptenn oxidase is stiongly inhibited bj’’ the addition of minute 
amounts of sjmthetic pteroylglutamic acid® (PGA) Thus, in a sample 
containing oxidase and xanthopterin (0 06 micromole per ml ) the rate of 
oxidation was 1 educed to less than 5 per cent of the oiiginal activity by the 
piesence of only 0 05 micromole of PGA pei ml of mixture Liver xan 
thopterm oxidase' is likewise inhibited sti ongly bj' small amounts of PGA 
Xanthine oxidase responds the same way, vhereas uncase is completely 
unaffected by addition of PGA 

Pteroic acid® exeits a strong inlubition on xanthopterin oxidase The 
pteiin compound libeiated after zinc 1 eduction of PGA® possesses only a 
slight mhibxtoiy effect Pteioyldiglutamic acid (a-peptide)* and pteroyl* 
tnglutamic acid (T-peptide)® exeit no inhibition 
The maiked PGA inhibition of xanthopterin oxidase is an observation 
which may have bearing upon fuither studies of the xanthopteiin and purme 
metabolism in the body 
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ENZY^IIC TRANSFORMATION OF PTEROYLGLUTAMIC 

ACID* 


Sirs 


A further study of the previously descnbed inhibition of milk xanthop- 
tenn oxidase by pteroyl glutamate (PGA)* revealed the presence of another 
enzyme which brmgs about a transformation of PGA mto a substance 
which has lost the inhibitoi^’’ action towards the oxidase 



The figure represents an exTienment m iihich 0 11 micromole of PGA 
was mcubated in 0 1 m pyrophosphate buffer mth or mthout the presence 
of a concentrated milk xanthoptenn oxidase preparation A sample of the 
enzyme alone was also incubated The mcubation time uas 4 hours at 
37“ After the mcubation 0 15 micromole of xanthoptenn was added to all 
three samples and xanthoptenn oxidase iias added to the sample previously 
mcubated mth PGA alone (Curve 1) It can be seen that m the sample 
m wluch PGA was mcubated with the enzjme prior to the addition of 
xanthopterin (Cun’^e 2) the rate of oxidation proceeds almost as rapidly 
as m the sample without PGA (Curve 3), whereas PGA mcubated m 
pyrophosphate alone shows the typical marked inhibition of the oxidation 
(Curve 1) 

The enzyme w'hich catalyzes the transformation of PGA mto a non- 

* Supported by grants from the Donner Foundation, Inc , the Lcderle Labora- 
tories, the Rockefeller Foundation, the Carlsberg Foundation, and the Ella Sachs 
Plolz Foundation 

* ICalckar, H M , and Klenov, H , J Btol Chem , 172, 349 (1948) 
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inhibitory substance is fully active undei anaerobic conditions This 
enz3Tne has not been sepaiated fiom the oxidase It uas found, however, 
to have a pH optimum about pH 8 5, vlicieas the oxidase has its maximum 
effect about pH 7 5 The ti ansformcd PGA product shows the same ultra 
violet spectium as that of the oiigmal PGA 
The tiansformation is not accompanied by any hbeiation of p-ammo- 
benzoyl glutamate or of fiee glutamic acid noi is theie any increase m 
fluoiescence 

The chemical piopeities of the transfoimed PGA aie under investigation 
Moreovei , Dr Hofif-Jdigensen of the Biochemistry’’ Division has undertaken 
an investigation of the piopcities of the transformed PGA as a groirth 
factor towaids Lactohacilhis casci and Sti eptococciis faecahs R The en 
zymic tiansformation of PGA is not accompanied by any loss in grov’th 
potency Further results of this study wluch is being continued w'lll be 
published later 

At the present time we aie unable to state whethei there is any relation- 
ship between the enzymic transformation of PGA described here and the 
action of certain livei fractions (possessing xanthopterin oxidase activity) 
which are reported to augment the potency of PGA as a hematopoietic 
agent ® 
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THE SOURCE OF UREA CARBON 


Sirs 

Rittenberg and Waelsch' and Evans and Slotin^ have reported expen- 
ments designed to test the hypothesis that carbon dioxide is the source of 
urea carbon These authors incubated rat liver shoes in a medium contam- 
mg bicarbonate labeled with isotopic carbon and were able to show that 
under these circumstances at least one-half of the carbon of the urea synthe- 
sized onginated from the labeled bicarbonate 

We have recently obtamed data on the relation of carbon dioxide to 
urea carbon m the mtact animal which are pertment to the question under 
discussion A rat fed n-methionme containing C“ m the methyl group’ 
continuously oxidized the radiomethyl radical to radiocarbon dioxide^ 
throughout a 2 day penod, and hence continuously labeled the total carbon 
dioxide produced by the respiration of its tissues The specific activity of 
the expired carbon dioxide was determmed for each day of the expenment 
and compared with the specific activity of the urea excreted on the same 
day 

The expired carbon dioxide was collected m sodium hydroxide solution, 
precipitated as banum carbonate, and its radioactivity determmed by 
means of a thm mica wmdow Geiger-MuUer counter The urme was col- 
lected each day in 0 1 n sulfuric acid Ahquots of the daily urme samples 
were neutrahzed and digested with urease The carbon dioxide formed by 
the hydrolysis of urea was hberated with excess acid and collected m sodium 
hydroxide solution The radioactivity was determined as mdicated above 


Radioactivity of Carbon Dioxide and Urea Produced by Rat Fed Radiomelhyl Methionine 


Compouad 

SpeciBc activity counts per mia per rag C 

1 

Ist day 

1 2nd day 

Carbon diovide 

46S 

mmmm 

Urea 

465 

■■■ 


The results are shown m the table Equal specific activities Mere ob- 
tained for the carbon dioxide exhaled and the urea excreted on the same day 
The significance of this correlation is enhanced by the equal reduction in 

' Rittenberg, D , and Waels-h, H ,J Biol Chem , 136, 799 (19-10) 

’ Evans, E A , Jr , and Slotin, L , J Biol Chcm , 136, S05 (1910) 

‘Mehille, D B.Rachclc, J U , and Keller, E B , J Biol Ctcm , 169, 419 (1917) 

‘ Mackenzie, C G , Chandler, J P , Keller, E B , Rachele, J R , Cross, K , 

Melnllo, D B , and du Vigneaud, V , J Biol Chcm , 169, 757 (1947) 
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the specific activity of both the urea and carbon dioxide on the 2nd day 
of the expeiiment Furthermoie, from the 1st to the 2Dd day there was a 
35 pel cent increase in urea production and a 13 per cent decrease in carbon 
dioxide production These findings indicate lhat the carbon of urea is 
quantitatively derived from carbon dioxide 
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CORRECTIONS 


On page 310, Table I, column 2, Vol 171, No 1, November, 1947, read “Oxygen con- 
sumption, cc per too sq cm body surface" for “Oxygen consumption, cc per sg m body 
surface ” 

On page 314, Table III, column 4, opposite “Jejunoileal content,” read “27£0" for 
"6 63 ” 

On page 318, line 12, read “radioactivity in the urine icas not extracted" for “radioac- 
tivity in the urine uas extracted ” 


On page 48, Equation 3, I'ol 172, No 1, Januarj, 1948, read — 


££ 

100 




EFFECT OF VITAMIN A SUPPLEMENTS UPON THE STATE OF 
mAMIN A IN BLOOD SERUM! OF THE DAIRY COW AND IN 
BLOOD SERUM AND LIVER OF ITS NEONATAL CALF* 

Bv D B PARRISH, G H WISE.t and J S HUGHES 
{From the Kansas Agnculiural Experiment Station, Manhattan) 

(Received for publication, September 15, 1947) 

It has been observed that when cows received concentrates of natural 
vitamin A ester durmg the terminal month of gestation their new-born 
calves possessed greater blood and liver reserves of vitamm A than did 
calves from dams receivmg a standard ration, either with or without the 
addition of pasture grasses (1) Conceivably the state of this vitamm 
in the blood serum of the supplemented cows might be different from 
that normally present If the placental membranes exhibited differential 
permeability to the vanous states of vitamin A in the blood, the form of 
vitamm A m the ration of the dam might be expected to affect the vitamm 
reserves of the fetus The present investigation was undertaken to study 
the relationship between the form of vitamm A supplement consumed by 
the pregnant cow and the state of vitamm A in its blood and in the blood 
and the liver of the new-born calf 

Procedures 

Feeding and Management — Sixteen pregnant cows and heifers repre- 
senting four breeds, Holstein, Ayrshire, Jei-sey, and Guernsey, were used in 
this investigation (Table I) Startmg 4 weeks previous to expected partu- 
rition, they were given daily oral doses of 500,000 1 u of either the alcoholic 
or the esterified form of vitamin A, the quantity of supplement bemg 
doubled 2 weeks later These cows were part of a group also used in an- 
other study, m which additional details of feedmg and management prac- 
tices have been presented (2) 

Collection of Samples — Samples of venous blood acre collected at the 
periods mdicated in Table I Most of the blood samples vere collected 
in the morning, allowed to clot, and centrifuged to obtain serum, which 
was analyzed immediately The remaming samples w ere collected in the 
afternoon before administering the xutamin supplement Serum from these 
samples was stored in the dark at 4° until the followang mommg, when 

* Contnbution No 34S, Department of Chemistry, and Contnbution No 173, 
Department of Dairj' Husbandry 

t Present address. Department of Animal Husbandrj , Iowa State College, Ames, 
Iowa 
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TAIJIiE I 

Vilaimn A tri Blood Satan of Cows Given Supplements of Either Vitamin A Akohl 
or Ester diirinr/ Terminal Star/es of Gestation 


H, A, J, and G icfer to IloJstcin, Ayisluie, Jersey, and Gueinscj breeds, respcc 
tivelj , from which samples were taken 


Oral supplement 
of Mtamm A 

Cow No 

Tolnl Mtamm A, y 

per 100 ml 

Per cent of total 
as tslci 

utamm A 

Pcriofi 

!• 

Period 

11 

Period 

III 

Period 

IV 

Period 

V 

Period 

I* 

Period 

II 

Period 

111 

Period 

IV 

Pened 

V 

Alcohol 

n-137 


40 

43 

20 



8 

25 

15 


( t 

H-136 

30 

43 

47 


25 

15 

21 

24 

27 


( < 

11-115 

35 

35 

37 

10 


7 

18 


5 


U 

A-252 

2S 

IG 

43 

33 

43t 

7 

17 

22 

14 

14t 

(( 

V-243 

37 

40 

41 

20 

22 

7 

16 

20 

5 

22 

r t 

J-379 

25 

45 




5 

20 




<< 

J-3G5 

42 

40 

45 

21 

24 

20 

17 

40 

21 

9 

< ( 

G-465 

23 

40 

51 

21 

35 

16 

8 

25 

9 

1 

t < 

G-'l52 

11 

48 

13 

IS 

28 

24 

IS 

11 

11 

6 

Average 

33 

t2 

45 

21 

27 

13 

16 

25 

13 


Ester 

H-132 


38 

51 

IGJ 

32 


10 

25 

15t 

3 

it 

IM2S 

34 

38 

38 

17 


2 

13 

20 



H 

A-241 

25 

33 

29 

23 


7 

10 

14 

18 


<( 

r-378 


ol 

62 

31 

38 


21 

33 

14 


1 

J-3SS 

41 

43 

34 

22 

IS 

9 

21 

IS 

5 


a 

G-46S 

47 

52 

67 

32 



13 

32 



u 

G-453 

35 

37 

44 

21 


6 

23 

20 

22 


Average 


3G 

42 

46 

25 

20 

7 

16 

23 

12 

H 

“ of both gioups 

34 

42 

45 

24 

28 

10 

16 

24 




* Period I, previous to supplementation with 500,000 i u of vitamin A daily, ftp 
proMmately 4 weeks ante jiartum, Pciiod II, cows given 500,000 i u of vitamin A 
daily foi S to IS days, appioximatcly 2 to 3 weeks ante paituin, Period III, coas 
given 1,000,000 i u of vitamin A daily for 1 to 2 weeks, 2 to 15 days ante paitum, 
Period IV, 0 to 2 days post partum, supplement discontinued at paituiitiou. Period 
V, dining the period of normal milk (noduction, at least 2 months post partuiii) 
some of the cows weie grazing on ])astiuo glasses at this time 
t 3 weeks post partum, not included in the aveiages 
1 4 days post partum, not included in the averages 

analyses yveie made Blood samples fiom calves weie tieated the same 
as those fiom cows except that, m some cases, it was necessaiy to postpone 
analyses of the samples until the 2nd day aftci collection 

A mimbei of the male cahes weie sacnficed to obtain Ineis, which wcic 
analyzed foi total Mtamm A and foi the alcohol-estei distnbution, the 
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analyses were earned out either immediately after removal of the In ers or 
after letaining them m a frozen state for not more than G days The state 
of vitamin A also was detemmed m both the hvei and the blood of se\ eial 
male calves fiom dams that were subjected to the regulai herd i6gime 

TvBnE II 

1 tlamtn A in Blood Scrum and in Liver of Dairy Calves 


H, A, J, and G rcfei to Holstein, Ayrshire, Jersej , and Guernsej breeds, respec- 
tivelj, from nliich samples nerc taken 
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* Calf gnen one feeding of 5 pounds of colostrum 4 hours after birth 
t Calf fed colostrum from its own dam 

t Calf fed milk from its onn dam, -nliich was milked through gest itioii nilhout 
a dry rest period 

§ Calf neak and died it 19 da 3 S of age 

The e\'perimental treatment of each of the cahes and the postnatal age of 
the calf at which materials were t then for anahses ire shown m T able IT 
Method of Analysts for Blood — The titamin \ ilcohol ind e^ter content 
of blood scrum w as detcianined be i piocednre simil ii to tint de\ eloped foi 
milk md colostrum (3) The followang modifications were found desirable 
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m applying the method to blood seium Instead of saponifying the whole 
sample employed for determining total vitamin A, the lipides were ex 
traded from the serum before saponification For the first extraction, 
10 ml of serum were placed in a glass-stoppered centrifuge tube, mixed 
with 10 ml of ethanol, and shaken for 2 minutes xvith 20 ml of diethyl 
ether Only 10 ml of ether were used for the second and third extractions, 
respectively Pievious to the chromatographic phase of the analysis, 

5 iril of puiified Skelly solve B ( 4 ) weie added to the combined ether ex 
tracts to reduce the water content These extiacts were allowed to remain 
undisturbed for 15 minutes, and the water w’hich separated was drained 
completely This w^as followed by removal of the solvent by suction and 
heating at 60 °, dissolution of the residue in purified Skellysolve B, and 
chromatographic separation of the alcoholic and esterified forms of vi 
tamm A Vitamin A ester in extracts of blood serum seemed to pass through 
the chromatographic column somew'hat more slowly than did extracts from 
either milk oi colostrum, accordingly, about 20 ml more of 4 per cent 
acetone-Skellysolve B mixture were used for elution of the xntamin A than 
were used for milk and colostrum samples 
The part of the sample to be used for determining the total vitamin 
A was saponified with a mixture of 8 ml of alcoholic KOH ( 5 ) and 1 ml 
of water, only 5 ml of alcoholic KOH xxeie used for saponification of 
chromatographed samples If the alcohol content of the saponification 
mixture exceeded 90 per cent, artifacts xvere formed, causing the results of 
the vitamin A determinations to be too high Under the conditions em 
ployed, it was found possible to overcome most of the difficulty, the average 
artifact was found to be equivalent to approximately 1 7 per 100 ml of 
serum (6) However, inattention to this detail may cause considerable 
error, especially m the measurement of esterified vitamin A, since it usually 
IS of low concentration Serum from calx es xxms handled similarly to that 
from cows, except that the frequent occurrence of samples low in vitamin 
A made it desirable to double or triple the quantities of serum used 
Method of Analysis foi Liver — ^Whole fresh livers or frozen Iwers, w'hich 
were allowed to thaxv for 1 day at 4 °, xveie homogenized in a Waring 
blender 20 gm of each homogenized sample were dried by grinding with 
anhydrous sodium sulfate The lipides were extracted from the dried 
material by agitation in a Waring blender foi 4 minutes with 25 ml of 
ethanol and 100 ml of diethyl ether This w^as folloived by three 2 minute 
extractions vuth 60 ml of ether each time A final extraction was made 
with 30 ml of ether and 30 ml of Skellysolve B After each extraction, 
the solution was separated from the solids by filtering under suction 
The solution containing the extracted material wms washed with water to 
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remove alcohol Aliquots of the extract equivalent to either 2 or 4 gm 
of liver were used for analysis The remainder of the method was similar 
to that employed for blood and for colostrum The final extract was 
adjusted to a volume of 25 or 50 ml , of which 10 ml were used for de- 
termimng vitamm A and carotenoids 

Precision of Method — Vitamm A alcohol added to ex-tracts of blood 
serum previous to chiomatography was as completely removed by the 
adsorbent as was that used m studies on milk and colostrum (3) How- 
ever, the recovery of added vitamm A ester averaged 87 per cent, which 
was not so high as was found in the previous work Smce it was observed 
that when solutions of concentrates of vitamm A ester were chromato- 
graphed a second time a small amount of the alcoholic form of vitamm A 
apparently was retained on the column, it is suggested that the first passage 
through the adsorbent might have sensitized the ester, causing some of the 
molecules to undergo a change during subsequent treatment No cor- 
rection was made for loss of estenfied vitamm A on the adsorbent, smce for 
many samples the loss was approximately of the same magnitude as small 
apparently unavoidable artifacts, which were discussed in a foregoing sect- 
tion, that usually arose from the saponification procedure If it is assumed 
that each sample, those for total vitamm A as well as those for determining 
the concentration of the estenfied form, contamed artifacts equivalent to 
1 r of %atamm A per 100 ml of serum, the corrected mtamin A ester content 
would average only 3 per cent lov er than the values reported here Hence, 
the presence of such artifacts made little difference in the o-v er-all results of 
this study 

The differences in duplicate determinations of samples for total vitamin 
A averaged ±2 2 per cent of the means of the respective samples Samples 
contaimng only the estenfied vitamin A were more variable This was to 
be expected, since the vitamin A content of these samples usually vas low 
and the samples were subjected to a gi eater number of operations m the 
analj’tical procedure 

Results 

Slate of Vitamin A in Scrum from Cows — ^Although considerable in- 
dividual variation v as obsen ed, one of the salient findings v as the generally 
low percentage of vitamin A ester in blood serum of daiiy cows (Table 
I) During the periods of ntamm A supplementation and immediately 
thereafter (Periods II, III, and IV), the percentages of the total Mtamin 
A of the serum occurring as the ester were essentnllj the same for the 
experimental group receiving supplements of the alcoholic form of ntamin 
A as for the group receivnng the estenfied form Hor ei er, as the \ itamin 
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A of the blood seium leached higher levels upon piolonged supplementation 
with laige amounts of eithei the alcoholic oi esteiihed form of vitamin 
a/ an mcrease in the peicentage of the esteiified foim was observed Be 
foie supplementation with vitamins was commenced (Period I), an average 
of 10 pei cent of the vitamin A of blood seium occuried as the estenfied 
foim, but upon supplementation with 500,000 i u of vitamin A foi 8 to 18 
days (Peiiod II), an aveiage of 16 pei cent of estei was found After 
mciease of the supplement to 1,000,000 i u (Peiiod III), 24 pei cent of the 
total vitamin A occuiied as the estei Fiom Peiiods I to III the alcoholic 
fraction of vitamin A increased by an average of 4 7 (13 per cent of the 
imtial value), whereas the ester fiaction increased 7 3 y (210 per cent) 
This mdicated that, folloivmg supplementation, most of the inciease of total 
vitamm A occuiied in the ester fiaction 

After paiturition (Peiiod IV), when the vitamin A content of blood 
seium deci eased even though supplements of this \utamm had been given 
ante paitum (7), the estenfied foim avmiaged 13 per cent of the total 
vitamm A 2 months latei , u hen the con s wei e in normal milk pi eduction 
and some of them had access to pastuie glasses (Peiiod V), the estei con 
stituted 9 pei cent of the total vitamin A m the blood seium By apph 
cation of the i test (8) the diffeiences m the concentrations of vitamin A 
estei of successive peiiods weie significant (P = 0 05 01 less) foi all except 
the change from Peiiods IV to V l^ie smallei numbei of determinations 
and the lathei wide vai lability possibly account foi non -significance in the 
lattei case 

Slafc of Vitamin A in Scnim and Liveis of Calves — Except m the cases of 
Cables A-243 and H-138, the vitamin A of the blood serum vas piedomi 
nantly m the alcoholic foim, only 10 to 26 pei cent of the total being esteii 
fied (Table II) ^ Sumlai lesults weie obtained m samples taken before 
colostium consumption and m those taken aftei the calf had received 
colostium fiom its oivn dam foi 4 days 

The blood serum of Calf A-243 contained 92 pei cent ester, a xmlue con- 
sideiably highei than that found m samples taken fiom othei new-born 
calves pi 101 to colostium ingestion Additional obseivations suggesting 
an abnoimal condition with this animal veie a high content of total vit- 
amin A, an unusually high lipide content of the blood, and the highest to- 
copheiol level found foi a new-boin calf (9) The blood seium of Calf 
H-138 at biith contained a total of 4 7 of vutamm A pei 100 ml This 

^ Foithcoming repoits vill consider in greater detail the effect of the vitamin A 
content of the diet upon the concentiation of vitamin A in the blood serum of dairy 
cons during the terminal stages of gestation and the initial stages of lactation and 
upon the placental transfer of vitamin A to the blood and liver of the neonatal calf 
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calf -ft as given 5 pounds of colostrum, a nch source of Autanun A ester (3), 
and vas sacnficed dunng the penod of active digestion and absorption, 
G hours after feeding At this tune, 8 t of total vitanun A per 100 ml of 
serum were found, G1 per cent bemg m the estenfied form 

Regardless of age of the calf or of the form of vitamm supplement given 
the dam dunng the termmal stages of gestation, the vitamm A of calf 
livers vas predommantly m the estenfied form, all values iiere betneen 
70 and 86 per cent (Table II) * 

Pigments of Blood Serum and of Liver — Since the alumma column sepa- 
lates the carotenoid pigments in a mannei similar to the separation of 
the tvo forms of vitamm A, this study has provided, incidentallj’', ad- 
ditional information of mterest The carotene fraction included all 
pigment that v as eluted from the alumina column b 3 '^ 4 per cent acetone m 
Skellj'sohe B and iihich lemained m the non-sapomfiable matter after 
subsequent sapomfication The carotenoid pigments of the serums (pig- 
ments of the non-sapomfiable fraction) from cows aveiaged 97 per cent 
carotene Tlus i alue is in close agreement wnth the findings of Gillam and 
El Ridi (10) that most of the pigment of blood serum was caiotene, lutein 
constituting onlj*^ about 5 pei cent of the total caiotenoids 

The unsaponified pigments obtained by evtractmg the serum of certain 
cow s (for the most part those of the Guemsej' breed) contained detectable 
quantities of j^ellow pigments which were strongly adsoibed at the top of 
the alumma column Apparently most of these substances were either 
destroyed or removed during the saponification and subsequent tieatmeiit 
of the samples from which total pigment concentration was deteimmed (6) 

The carotenoids of the blood serum of the four caKes sampled aftei 
colostrum feeding a\ei iged 92 per cent carotene, a a alue that is not ap- 
preciablj’^ different from that obtained for scrum from cows Since so 
little j'^elloAv pigment is present m the noii-saponifiable fractions of evtracts 
of livei and of blood of the cahes at biith, the degree of precision of the 
method dcA eloped foi Autanun A iiork aaus not sufficient for satisfactory, 
determinations of the carotenoid-carotene ratios Howeier, chromatog- 
raphj" indicated that the larger part of the pigment of the non-sapomfiable 
matter was carotene ^Mlen unsapomfied calf liAcr extracts were chro- 
m itographed, a trace of j ellow pigment passed through the column at a 
more rapid rate than was usuallj observed for carotene Identification of 
the pigment has not been undertaken A strongb adsorbed a ellow pigment 
A\ab obserAed at the top of the alumina column" If luer extracts are 

' Tins pigment A\as soluble in a water alcohol mixture, turned orange upon treat 
ment A\ith antimonA tnclilondc reagent, and no longer was extractable bj ether or 
StellABohc after saponification 
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incompletely saponified and washed, some of this pigment may be camd 
into the final extract and may cause variable results in the delerminatiOD 
of the carotene content of liver 


DISCUSSION 

I 

The results of tins study aie m agreement with those of Hocli and Hoch 
(11) who found that human seium normally contains 10 to 17 per cent 
vitamm A estei and that doses of citliei the natuial estei as found in Iner 
oil 01 of piepaintions of vitamin A alcohol inci eased the piopoitionof 
vitamm A estei m the seium Clausen cl al (12) leportcd that almost all 
vitamm A noimally v as present m human blood in the alcoholic foim, and 
that an increase m the estei fi action occuiied when large doses of either 
free oi esterified vitamm A weie given by mouth Accordmg to the'e 
authois, the inciease m the latter foim is piesumed to result from the 
absorbed vitamm being transported to storage tissues m the “inactue" 
esterified state The increase of the ester fi action herein reported for 
cows was not so laige as foi human subjects This possibly resulted from 
diffeiences m the levels at which the supplements vere given, fiom dif 
ferences in the interval betv een feeding of supplements and collecting of 
blood samples foi analysis, oi fiom differences m the types of digestne 
system possessed hy the lespective species "^htamm A administered to 
the expel imental cows piobably passed fiist into the lumen and subse 
quently tin ough the othei gastric compai tments into the small intestine 
Hence, as a lesult of a gieatei possibility of destruction or of a gradual 
passage of poi tions of ingested supplements to the intestine, it is probable 
that the concentiation of vitamm A m the gut of the cow vas less than 
would be the case with monogastiic species, such as humans If vitamin 
A is transported to the hvei as an estei (12), the level of this form of the 
vitamin m the blood would be expected to be proportional to the rate and 
degree of absoiption 

Anothei possibility indicated by the results is a direct lelationship be 
tween the level of total vitamm A of the seium and the proportion present 
as the estei In the fiist place, if the data from all cows aie analyzed for 
the peiiods vitamm A supplements weie given, the product moment cor- 
relation (r) between vitamm A content and per cent as ester is 0 58, the 
correlation being highly significant (8) Secondly, a graphic analysis of 
the data foi blood serum, m a manner similar to that empWed by Glover 
et al for livers ((13) Fig la), indicates that a level of about 10 y of vitamin 
A per 100 ml of serum must be leached before any ester is found Unhl 
additional information is obtained, it will not be possible to explain defin- 
itely the experimental observations of increased amounts of the ester 
following supplementation of the dairy ration with vitamm A 
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Although there was no evidence that gestation and parturition affected 
the vitamin A alcohol-ester ratio, nothing specific was revealed concermng 
this relation, masmuch as the present study was not designed to gather 
information relative to these factors 
When saponification was omitted, Boyer el al (14) observed that their 
carotene precipitation method yielded vitamm A values 87 to 95 per cent 
of those found following saponification, hence they reported that vitamin 
A was present m cattle blood m the alcohohc form The findmg of varying 
amounts of vitamm A estei in the serum samples of the present study 
introduces the possibility that the lower values which Boyer el al foimd 
w'ere due to a small quantity of esteiified vitamm A that was precipitated 
with carotene by their method This view-point is supported by the fact 
that vitamm A has been recovered from filter papers contaming the material 
precipitated by the method of Boyer el al (6) 

The blood of calves at birth contained vitamm A m essentially the same 
state as that of their dams The results for calves, contrary to mdications 
obtained for the serum of cows, did not suggest that a ceitain level of 
vitamin A was reached in the blood before the vitamm appeared as the 
ester form There appeared to be a tendency for the concentration of 
vitamm A alcohol to increase in the calf liver as the total vitamin A of the 
blood serum increased This observation was in agreement with the 
report by Glover etal (13) from rat studies, but smce only a limited number 
of experimental animals was used in the present study, a defimte conclusion 
concermng this relationship is not justified 
The state of vitamm A in the livers of calves (Table II) is similar to that 
reported for the livers of other animals However, the percentage of 
vitamm A ester is slightly lower than noted for rats (13, 15), for dogs (16), 
and for fish liver oils (17-20), but averaged somew'hat higher than the 
values which Sobotka et al (21) found for fish hver oils using a fluorescence 
techmque The mgestion of a single feeding of colostrum, rich in vitamm 
A, apparently did not cause a large temporary increase of the amount of 
vitamm A alcohol in the liver of Calf H-138, as was obseiwed when guinea 
pigs were fed large doses of this vutamm (22) 

Though the data are lirmted, obsen^ations on the amounts of the ester- 
ified form of vitamin A m the blood serum of calves after colostrum con- 
sumption suggest that the stage of absorption or the age of the calf is in- 
volved The high proportion of vitamm A ester in the blood serum of the 
neonatal calf, No H-138 (Table II), indicates two possibilities either 
direct absorption of the colostral vitamm A wathout hydrolysis, similar to 
the apparent absorption of imaltered protem by the new-born (23, 24), or 
rapid absorption and transport of reesterified vatamm A to the storage 
tissues (12, 25) The percentage of cstenfied v itamin A in the blood serum 
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of the calves 4 days old (Table II) was considerably low ei than that noted for 
Calf H-138 Factois that might have contiibutod to these dilTeicnces are 
possible alteiations m the pcimeability of the intestines and e\tcnsiono[ 
the time aftci feeding at which lilood samples wcic collected, wliicliwas 
G houis foi Calf H-138 and 12 houis loi the oldei calves The elfccl of the 
stage of absoiption on the conccntiation oi the estoi ioim of vitamin { 
is a phase of the pioblcm that waiinnts additioinl study 

It w'^as suggested (1) that pci haps the laigoi a itamin A icscncs of cahts 
fiom dams fed supplements of csteiihcd Mtamin A might have lesiilted 
fiom an inciease of this foim of the vitamin in the maternal ciiculation, 
assuming that the placenta cithei may be moie peimcable to, oi liaAca 
lowei thieshold for, estonfied vitamin A While the change in the ester 
alcohol ratio of the maternal blood w as not so gi cat as expected, most of the 
inciease w^as m the cstei fi action, hence the piesent icsults aie in accord 
wnth the foiegoing conjcctuic Supplementation of the diet of the pre 
paituricnt cow^ wnth eithei form of vitamin A effected a similai inciease in 
the Autamin A estci of the maternal blood and in the total ntamm V re 
selves of the neonatal calf Although the piesent obscivations seem to be 
m haimony wTth the theoiy (1), furthei claiihcation icquires additional m 
foimation on the physiological piocesses invohed 

SUMMARX 

Vitamin A in the blood set um of daiiy cow s w as found to be laigely in the 
alcoholic foim Bcfoic supplementation of the ante paitum lation luth 
either the alcoholic oi esteiified foim of vitamin A, the estciified foim aiei 
aged 10 pci cent of the total vitamin A of the blood seium, but duung oial 
admmisti ation of 1,000,000 i u of vitamin daily, the esteiified foim m 
creased to 24 pei cent of the total vitamin A Most of the inciease of total 
vitamin A of the blood serum occuired m the estei fiaction 

The vitamin A of blood seium of calves under noimal conditions, botli at 
birth and at 4 days of age, wms found to be predominantly of the alcoholic 
foim, w^hile the vitamin A of the liveis was mostl}’’ of the esteiified foim 
Caiotene was found to constitute about 97 pei cent of the caiotenoicls oi 
the non-saponifiable extiact of the blood seium of dan 3'’ cow's Caiotene 
constituted about 92 pei cent of the total caiotenoids of the non-sapoinfi 
able extiacts ot blood seium of calves that was sampled aftei colostiua 
consumption Although most of the pigment of blood seium taken fion 
calves at birth appeared to be carotene, the method used did not piovicle 
foi a specific determination of the caiotene-caiotenoid latio 

Alcoholic and esteiified foi ms of vitamin A gn cn oiallj'- to the dam duiinj 
the teiminal stages of gestation seemed to ha^ e a similai effect foi foitibmf 
the X itamm A leserves of the neonatal call 
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A TURBIDDVIETRIC METHOD FOR THE ASSAY 
OF HYALHRONIDASE 

By albert DORPMAN and MELVIN L OTT 

{From the Department of Chemistry and Physics, Army Medical Department 
Research and Graduate School, Washington) 

(Received for publication, September 26, 1947) 

A variety of methods have been devised for the assay of the enzyme 
hyaluromdase These may be divided mto four tj^es (a) measurement 
of the “spreadmg effect” in the skin of labbits and gmnea pigs (1, 2), 
(6) reduction of viscosity (3, 4), (c) prevention of mucin clot formation (5), 
and (d) chemical measurement of total reducmg substances, N-acetyl- 
glucosamme, or glucuronic acid liberated on the complete hydrolysis of 
hyaluromc acid (6, 7) 

The first group of methods (“spreadmg activity”) is most sensitive, but 
is time-consummg, requires large numbers of animals, and lacks specificity 
m that substances other than hyaluromdase have been shonm to possess 
spreadmg activity They are of comparatively little value for the routine 
assay of large numbers of preparations The viscosity method has been 
used widely with considerable success It is, however, tedious and time- 
consuming and requires laige amoimts of hyaluronic acid 
The original mucin clot prevention method is based on the fact that 
hyaluronic acid reacts with acidified albumin to form a clot (5) If hy- 
aluronic acid is first acted on b> hyaluromdase, such a clot does not form 
This then affords a basis for the estimation of hyaluromdase 
It has been noted that when the smallest amount of enzyme necessary to 
prevent clot formation is used there remains a uniform turbidity If larger 
amounts of enzyme are used, this turbidity does not develop 
The use of the various chemical methods is open to serious question in 
that Hahn (8) has recently showm that highly puiified hyaluromdase does 
not bring about the complete hydrolj^sis of hyaluromc acid The release 
of glucuromc acid and N-acetylglucosamine apparentlj' depends upon the 
presence of contaminating enzjmes m the crude preparations 
A method based on turbidity development seemed most liLelj to be 
rapid, simple, and accurate Seastone (9) show ed that under certain con- 
ditions turbidity is directly proportional to hj^aluronic acid concentration 
ICass and Seastone (10) used this fact in dei eloping a quantitatne tur- 
bidunetnc method for the assay of hyaluromdase Thej utilized acidified 
serum for turbidity deielopment Leonard, Perlman, and Kurzrok (11) 
haae developed a similar method for the determination of hj aluronidase in 
semen by use of acidified serum 
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1 1 IS tlie purpose of this communication to describe a modified tuibidity 
method inth crystalline hoise seium albumin The leagents used m this 
method aie stable and casilj'’ leproducible Exact conditions for the use 
of this method hai e been determined 

Tlie turbidity method may be applied to the estimation of hyaluronidase 
m two wai s The first of these consists of the determination of the rate at 
which hjaluionic acid is hjdrolyzed This is analogous to the viscositj’’- 
1 educing method AVo haAO sliowm that this method is adequate and can 
be used m kinetic studies (12) It has the disadvantage of lequnmg a 
number of dilTeient determinations foi each sample analyzed and is thus 
time-consuming A simpler method consists of determining the amount of 
hj aluromc acid w Inch lemaiiis aftei some specific time This lequires only 
one turbidity detcimmation for each pieparation being anatyzed The 
method described m this communication depends on such an estimation 

Matcnals 

Ilyuluromc xicid — Human umbilical coids weie w’ashed fiee of blood and 
stoicd undei acetone m the cold The acetone powdei wvas piepaied by 
grinding m a meat giinder and w'ashmg with acetone 200 gm of diy 
powdei, 1200 ml of Hayem’s solution, and 3000 ml of w'atei w'eie stared 
^ igoroush for 2 hours The lesultmg solution w as centiifuged and filteied 
tiiiougli glass wool Hyaluionic acid wns piecipitated by pom mg the 
‘-olution into 12 litois of cold acetone The stiingy mateiial was w'ashed 
thicc times with told acetone, filteied, washed twice with alcohol and an- 
h>dious ether It was Imally desiccated o\ci PzOc for 24 horns This 
proccduic gaic a jicld of G pci cent of a product wdiich gaie a lelatnc 
\l^cosltJ of 3 0 at a concentration of 10 nig pei nil For the tuibidity 
i^-ai it wa‘. made up to 3 0 mg pei ml in a 0 3 M phosphate buffei at pH 
5 T) 

riic solution so piepaicd is slightly opalescent, but can be obtained 
watcr-deii In filtiation through a Seitz filtei It is diluted to gue a 
st indaitl tuibiditi Thi', usually lequircs vabout a 2 3 dilution 

\udiltnl //orsr So aw Ubitmiti — Ciystalhnc hoise scium albumin was 
pK'piied h\ the method ol Kekwick (13) 1 gni ol purified albumin was 

(li-M)l\cd in 1000 ml ol 0 I M acetate buflci ol pH 4 1 and the pH subse- 
qiK nth uljiisted to 3 7") with 1 n hjdiochloiic atid This solution keeps 
imldinitfh at 1° Frai turn V of bo\inc albumin, obtained from Ai mom 
111(1 Coinimn, wa*' found to work cqualh well 

1 (siicul ir Inaliironidise was prepared from beef testes by the 
ini thod (it Ihdiu (S) md foi the most pait the matciial carried thiough the 
lir-t unmoiiuim ‘■ulfate prccipit ition was used Enz 3 "me so prepaicd was 
di d\ z(.sl fre(‘ of sulfate at 1°, h ophilized, and stored m the dry state No 
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c\ idcncc of loss of aolivitj lia'5 boon obsci \ cd in 0 monthb si oiage ,vl —20° 
Foi Use it \\ns dissobcd in 0 2 m boi.ile biilTci of pll 7 5 Tlie <u In ily of 
biicli piepu it ions was ap])io\imitclv 250 ms( osily-icdiu ing mills pci mg 
of X 

Vclnily of cii7\inc nas nscci tamed accoidiiig to Haas (-1) and c\picssed 
as the iccipiocal of the lialf life X 10"' \11 dclciminations weic earned out 

at 38° Hidicnlty was cnconntcied m attempting to standaidizc this unit, 
since it was found that the actiyitj’' of tlic cnzjanc yaiicd with difTcrent 
hjahiionic acid picpaiations This was ciicumvented by collecting all 
actiyitics to that obtained with i giycn lot of hj’^aluionic acid In oidci to 
pieycnt undue mtioduction of new units in the hteiatuie, this same amount 
of enzyme was used as the arbitral j'' unit in the tiiibidity method to be 
described The unit to be used in this discussion is then essentially based 
on a giyen imoiint of standard enzjTOC prepaiation 

Procedwe 

1 ml of enzj'me solution is mixed with 1 ml* of hj’^aluionic acid solution 
(The enzyme has usually been made up m 0 6 ml of 0 2 m borate buffer, pH 
7 5, and mixed wath 0 5 ml of 0 9 per cent saline The saline has been in- 
troduced into the procedure for conyenience in the deteimination of hy- 
aluronidase mhibitoi ) This mixtuie is incubated foi 45 minutes at 38° in 
Evelyn cuvettes At the end of this time 10 ml of acidified albumin 
leagent (at lOom tempeiature) arc added and the mixtuie is shaken to m- 
suie complete mixing Exactly 5 minutes latei (by stop-w atch) the tube is 
lead in the Coleman junior spectiophotometei at a waa e-length of GOO mit 
Low er w ave-lengths can be used, but 600 m/i w as selected to obviate mter- 
feience of hemolysis in the determination of hyalin onidasc inhibitoi 

All detcnmnations arc done in duplicate The tubes used aie carefully 
selected so as to have a maximum variation of 0 5 of 1 scale division 

EXPrniMENTAL 

Relation ship of Optical Density to Hyaluronic Acid Concentration — 
Seastonc (9) oiiginally icported that the tuibidity produced by a mixtuie of 
hyahiionic acid and acidiGed albumin is directly propoitional to hyaluronic 
acid concentration That this is so is confirmed by the lesults illustrated 
in Fig 1 It will be seen that the lelationship is hneai up to about 2 0 mg 
and beyond this the cuiwe begins to decrease in slope At highei concen- 
trations a precipitate and Gnally a clot form 

Effect of pH on Turbidity Formation — ^The next group of experiments w as 
performed to determine the optimum pH foi the precipitation of the 
hyaluionic icid-albumin complex A senes of leagents was made up at 
diffcient pH le%els and the turbidity produced was determined All ollici 
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conditions were kept constant in tins experiment The pH value given is 
that of the final mixture It mil be seen m Table I that turbidity develop- 
ment (expressed as optical density) is maximum at pH 3 82 This is 
achieied when the albumin reagent is adjusted to pH 3 75 If the pH is 
abo^e or beloiA this value, the turbidity is maikedly deci eased 



Fio 1 Relationship of hjaluromc acid concentration to optical density 


Table I 

Effect of pH on Turbidity Development 


PII 

2 15 

3 10 

3 42 

3 82 

4 20 

Optical density 

0 153 

0 274 

0 293 

0 337 

0 305 


Table II 

Effect of Variation of Ionic Strength on Turbidity Development 


Ionic strength 

0 15 

0 25 

0 35 

0 45 

Optical density 

0 321 

0 24S 

0 0303 

0 0304 


Effect of lomc Strength on Turbidity Development — It was found that 
turbidity de\ elopment varied considerably with salt concentration Table 
II shows the icsults of an cxpeiiment designed to assess the impoitance of 
this factor It will be noted that the low'est ionic strength used was 0 15 
It IS lncon^enlcnt to go below’ this talue and obtain pioper conditions for 
the maintenance of pll both for enzjTnatic action and turbidity develop- 
ment It 13 e\idcnt that the low’cstsalt concentration produced the maxi- 
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mum turbidity As salt concentration mcreases, there is a marked drop m 
turbidity The added salt was sodium chloride No experiments were 
performed mth other salts As in previous experiments, all other con- 
ditions were kept constant 

, Effect of Time of Reading on Tvrhidiltj — It w as noted that turbidity de- 
creases -with time Table III illustrates an experiment in m hich this factor 
was quantitatively evaluated The first leading was taken at 5 minutes 
smce this is the shortest mten^al that is convenient when a series of tubes is 
to be read After longer inteivals the rate of change decreases Routine 
use of longer mtervals was, however, found to be disadvantageous, since the 
differences m optical density between different concentrations of hyaluionic 
acid are decreased It will be noted that the difference in optical density 
between 1 80 and 0 60 mg of hj^aluronic acid is 0 215 at 5 minutes, while 


Table III 

Effect of Time on Turbidity Development 


rune 

Hjaluronic acid concentration 

lAO mK 1 

MO ms 1 

1 1 00 mg 1 

0 00 mg 

Optical deDSit> 

min 

■■■■ 


■■■■ 


5 


0 270 


0 132 

10 


0 262 


0 129 

15 

0 314 

0 260 



20 

0 308 

0 258 

0 184 

0 116 

30 

0 288 

0 235 

0 177 

0 116 


at 30 minutes this had decreased to 0 172 This considerably decreases 
the sensitivity and range of the method 
Effect of Albumin Concentiation on Turbidity Development — Smce samples 
to be assayed may contain albumm, it was necessary to be sure that the 
albumm m the reagent is present m excess This is particularly true when 
this method is applied to the assay of hyaluronidase mhibitor m blood 
serum Fig 2 shows the turbidity obtamed with varymg concentrations 
of albumm It was found that the turbidity developed approaches a maxi- 
mum at about 0 50 mg per ml It was decided to use 1 0 mg per ml 
routmely m order to assure an excess 
Relationship of Turbidity to Enzyme Concentration — In order to elimmate 
the necessity of multiple determmations, a method was devised, based on 
one turbidit 3 ’’ determmation The expeiiment illustrated m Fig 3 shows 
the relationship between turbidity (optical density) and enzyme concentra- 
tion when enzyme has been incubated with hyaluromc acid for 45 mmutes 
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It IS seen that bet\^een 0 and 4 units this lelationsliip is essentially lineai 
The legion of lineaiitv can be vaiied by changing the length of incubation 




UNITS OF HYALURONIDASE 

1 ir 1 Rcl-itionsliip of In aluroniclnse concentration to optical densitj 

^\ltll longer time intenal'; the method becomes moie sensitive vith less 
I inge, while with slim ter time mtenals the method becomes less sensitive 
but w itli greater i mge 
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Caieful attention must be paid to details of pH, salt concentration, and 
lime Diffeient batches of hyaluronic acid vary m purity, but can be used 
to get comparable icsults simply b 3 '’ adjusting the concentration to a given 
optical density 

Effect of pH on Activity of Hyaluromdasc — The next group of experiments 
i\ as performed to determine the effect of variation of pH on the activity of 
hj'aluiomdase undei these conditions Several investigators have shown 
that the effect of salt concentration varies vvath pH and conditions of assay 
(3, 5) A series of phosphate buffers (0 3 m) was made at various pH 
levels and comparison of activity was made All other conditions were 
kept constant Table IV illustrates the results of these experiments The 
/.To showTi was calculated accoiding to a method devised m this laboratory 
(12) It will be noted that the peak is obtained in the region of pH 5 5 


Table IV 

Effect of pH on Activity of Hyaluromdasc 


pH 

4 40 

500 

S S8 

5 92 

6 47 


0 0281 

0 0316 

■ 

0 0340 

0 022 

0 016 


Table V 

Effect of Ionic Strength on Hyaluromdasc Activity 


Ionic strength 

0 IS 

0 21 

0 26 

1 0 31 

1 

0^6 

optical density 

Initial turbidity 

0 280 

0 286 

0 299 

0 297 

0 292 

2 units (45 min ) 

0 161 

0 171 

0 194 

0 208 

0 233 

4 “ (45 “ ) 

0 071 

0 089 

0 122 

0 140 

0 168 


It IS of mterest that activity drops more rapidly on the alkalme side of the 
maximum than on the acid side This pH (5 5) was then adopted as the 
standard m subsequent studies 

Effect of Ionic Strength on Hyaluromdasc Activity — Several inv^estigators 
hav^e studied the effect of variation of salt concentration on hyaluronidase 
activity This was found to vary with pH It seemed desirable to rede- 
termine this by the method described m this paper For this purpose a 
series of hyaluronic acid solutions m phosphate buffers of vmrymg ionic 
strength at constant pH wms used All solutions wme adjusted so that the 
optical density of the turbidity developed was constant All other solu- 
tions were as described under “Procedure ” Table V shows the results of 
such an experiment In this onlj’^ one readmg was made, namel 3 , after 45 
minutes w ith 2 and 4 units The results are expressed in terms of optical 
density and final ionic strength of the reaction mixture Thus the borate 
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buffer, sodium chloride, and phosphate buffer are included in calculation of 
the ionic strength It -ttull be noted that increasing ionic strength causes a 
decrease in the activity of the enzyme in the range studied It is imprac- 
tical to use an ionic strength below 0 15 and have suitable conditions foi the 
maintenance of pH When ionic stiength was vaiied by using a constant 
amount of phosphate and vaiying amounts of sodium chloiide, ^imilai 
results were obtained 

It was decided to use a total ionic stiength of 0 26 (hyaluronic acid is 
made up in 0 3 m phosphate buffei) Although this does not represent the 


Table VI 

Reproducibility of Method 



Enzyme units 

Experiment No 

0 


4 

6 


Activity as optical density 

1 

0 2S4 

0 164 


0 034 

2 

0 2S0 

0 174 


0 031 

3 

0 284 

0 182 


0 039 

•1 

0 296 

0 181 


0 040 

5 

0 288 

0 185 

0 101 

0 046 

Mean 

0 287 

0 177 

0 0935 

0 038 

S D 


0 00625 

0 00845 

0 0058 

s I) , enzyme units 



mm 

0 25 

Coctncicnt of variation, % 


mk 

■■ 

4 2 


optimum ionic stiength, it is the minimum concentration of buffer which 
will maintain pH when various unknowm samples aie being analyzed 
RcproducibthUj — Table VI illustrates a series of experiments in which 
lopcated determinations of a standard enzyme piepaiation w'ere made 
Each determination rcpiescnts the average of two tubes Two expeii- 
mcnls weie run by one opcratoi and thiee by another It will be noted 
that good agreement is obtained at all levels The standard deviation in 
terms of units of enzj me was obtained by constiucting a curve of the means 
and dctei mining the \aiiations of the individual experiments at each level 
The ‘^tandaid dcMation in teims of optical density closely appioximates 
the accuiacv of the Coleman junioi specti ophotometei , indicating that 
fuithci changes m technique arc unlikclj to inciease precision unless some 
olhei tjpc of instillment is used 
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DISCUSSION 

The estimation of hj'aluronidasc by the ^ iscosity method represents a 
tedious and time-consuming process Pievious investigators have pro- 
posed the use of a turbidity method These haA e not gained general favor 
because of instability of reagents and lack of standardization Exact con- 
ditions for the use of this assaj' have now been detei-mined The reagents 
used are stable and aie easily reproducible 
The literature on hyaluromdase is complicated by the vanous units intro- 
duced by different investigators Since these \ ary widely w ith conditions 
of pH and salt concentration as nell as mth purity of substrate, it seems 
unmse at the present time to introduce a new unit Since hyaluromdase is 
a relatively stable enzyme, u e have used an arbitrary unit based on a given 
amount of partially pui ified enzyme This can be compared with any un- 
known enzyme by any method of assay 

SUJUIARI 

1 Conditions for the use of the turbidity method for the determmation 
of testicular hyaluromdase have been studied m detail 

2 A simple, rapid, and accurate procedure has been devised w'hich utilizes 
stable reagents 

3 It IS proposed that pending further knowledge the unit of hyalurom- 
dase be based on a given amount of standard enzyme 

BIBLIOGKAPHX 

1 Madinaveitia, J , Biochem J , 32, 347 (1939) 

2 Humphrey, J , Biochem J , 37, 177 (1943) 

3 Madmaveitia, J , and Quibbel, T H H , Biochem J , 34, 625 (1940) 

4 Haas, E , J Biol Chem , 163, 63 (1946) 

6 McClean, D , Biochem J , 37, 169 (1943) 

6 Meyer, K , Hobby, G L , Chaffee, E , and Dawson, M H , J" Exp Med , 71, 137 

(1940) 

7 Humphrey, J H , Biochem J , 40, 442 (1946) 

8 Hahn, L , AtL Kemi, Mineral o Geol , 19 A, No 33 (1944) 

9 Seastone, C Y ,J Exp Med , 70, 361 (1939) 

10 Kass, E H , and Seastone, C V ,J Exp Med , 79, 319 (1944) 

11 Leonard, S L , Perlman, P L , and Kurzrok, R , Endocrinology, 39, 261 (1946) 

12 Dorfman, A , J Biol Chem 172, 377 (1948) 

13 Kekwick, R A , Biochem J , 32, 553 (1938) 




THE KINETICS OF THE ENZYMATIC HYDROLYSIS OF 
HYALURONIC ACID 
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(From the Department of Chemistry and Physics, Army Medical Department 
Research and Graduate School, Washington) 

(Received for publication, September 2G, 1947) 

The A\ide-spread natural occuirence of the enzyme hyaluromdase has 
been recogmzed for a number of years The recent demonstration of the 
possible lole of testicular hyaluromdase m fertilization (1-3), the inhibition 
of hyaluromdase bj' sahejdates (4, 5), and the presence of a hyaluromdase 
inhibitor m human blood have focused attention on this enzyme (6, 7) 
Relatnely little attention has been paid to the kinetics of the reaction 
catal 3 '^zed by lij’^aluromdase It is the purpose of this communication to 
present e\adence that, vathm the usual assay range, this reaction is first 
order vath respect to hyaluromc acid, with changmg rate due to changmg 
substrate concentration 

A \ariety of different methods have been de%ased for the assay of hj’-- 
aluromdase These have been discussed in the accompanying paper (8) 
The \ascosity method was first studied in detail by IMadmaveitia and 
Quibbel (9) These workers found that the tune required for half re- 
duction in viscosity (half life time) is independent of substiate concentra- 
tion and inverselj^ proportional to enzyme concentration This has since 
been confirmed by McClean (10) and Haas (6) 

The nscosity reduction method depends on the rate of deciease in the 
viscositj’’ of a solution of hyaluromc acid It has been customary to 
determine the hj’^aluronidase acti\uty in terms of the reciprocal (oi some 
function thereof) of the half life time 

Recently Svyer and Emmens (11) have reinvestigated the relationship of 
activity and substrate concentration and have found that at louer con- 
centrations of substrate the activitj’’ vanes with substrate concentration 
These workers have also raised objections to the expression of activity as a 
leciprocal of the half life time and suggested an alternate procedure which 
depends on the relationslup of the log of concentration of enzyme and the 
viscosity at a specific time 

When the fall in viscosity is plotted against time, a characteiistic curve 
is obtained It has been assumed by' some that this represents a first 
order reaction Thus Werthessen et al (12) hai e used this assumption m 
determining the hy'aluiomdase content of human semen YTien one plots 
log C against i, a straight line is not obtained, thus doubt is cast on the 
lahdity' of the application of the equation for a fiist order leaction 
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It has seemed to us that this situation might be explained by the fact 
that the substrate concentiation decreases with time, with a consequent 
decrease in concentration of enz 3 ^me-substiate complex According to the 
i\lichaehs-Menten theoiy the late of leaction depends on the concentiation 
of enz}Tne-substiate complex (13) 

The lelationship between the substrate concentiation and the amount 
of enzyme-substi ate complex during anj’’ time intenml is given by Equa- 
tion 1 


( 1 ) 


{Eg) (Sa) 
(ESa) 


K, = dissociation constant 

{Eg) = average concentration of free enzyme from time 0 to time t 
(Sg) <= a\crage concentration of substrate from time 0 to time t 
(Z7<So) •= average concentration of enzyme-substrate complex from time 0 to time t 


( 2 ) 


{Eg) = S® - ESg 


'ZE = total enzyme concentration 


Since the velocity constant (A„,) depends on the enzyme-substrate 
concentiation, 


(3) 


= A(ESa) 


iESa) = 


T 


A •=• a constant 


kv, «= reaction constant for interval from time 0 to time I 


(4) 


iZE - ESa) (So) 

iESa) 


or 


t6) 


( 6 ) 



(7) 


K. = 
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( 8 ) 

(9) 

( 10 ) 


K. 


A^JSSa *“ Sa 




K, + Sc 

Irj = 


A'ZESa 

ca — I — ■ - 

Jv/ 

A'ZESa 

K.+Sa 


Equation 10 relates the velocity constant to the average substrate 
concentration from time 0 to time t, the dissociation constant, a constant 
A, and the total enzyme concentration If one nou ivants to obtain the 
theoretical velocity constant at time 0, it is related to the constant for any 
time intenml from 0 to t b}" Equation 11 or 12 


(11) 

IvQ A2 jESo ^ ^ K$ -f- Sa 

/v, ° K,+So^ AZESa 

or 


(12) 

- kvQ So ^ , K-a *1* Sa 

/ V t Sa K$ 4* So 


If we consider the reaction as fii-st order, the velocity constant (U,) 
for a time mterval from 0 to f is gu en by Equation 13 


(13) 


Ivt 


2303, So 


So = initial substrate concentration 
S = final substrate concentration at time t 


It tvill be convement then to correct the at any time t to some standard 
time A convenient choice is which is the theoretical velocity constant 
at (o ^vlth substrate concentration By combining Equations 12 and 13 
we may now write Equation 14 for 


(14) 


2 303 So So 
1-0= -log- X - X 


K, + Sg 
Kg + So 


On inspection of Equation 14 it mil be seen that when So (initial sub- 
strate concentration) is small compared -with K, the term {K, -f Sa)/ 
(K, + So) approaches unity and is closely approximated by the ex- 
pression 
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'\Mien, ho^\e^el, ;So is ^e^y hige compaied to Ks, the teim (/f, + /So)/ 
(K, + So) ippioaches tlie lecipiocal of So/Sa and (So/Sa) (Ks + Sa)/{Ki 
d- ^'o) appioaches 1 and the standaid fust oidei equation holds, % e , 

2303 , So 

A., = — '“B 5 

The cxpeiiments presented in this papei weie designed to test the validity 
of these foimulations A'« could not be deteimined in these experiments, 
since foi technical leasons it is impossible to can}'- them out in the piesence 
of a gieat excess of substiate It has aheady been shovm that the factor 
(K, + Sa)/{K, + >So) approaches unit}'- at low substiate concentiations, and 
will theiefoie be omitted from fuithei consideiations 

S„ Mas obtained giaphicallj’- fiom the plot of S against time 

Methods 

Materials used weie piepaied bj’- methods described m the accompanymg 
publication (8) Viscosimetiic deteimmations ivere earned out essentiallj'^ 
iccoidmg to the method of Haas (G) 

The tuibiditj method used vas as clesciibed (8) with the exception 
that samples weic withdiawn fiom the leaction mixtuie at given time in- 
( dials and tuibidity was developed and lead in the usual nay with the 
Coleman junioi spectiophotometei 

EXPERIMENTAL 

The fust expeiimciits weie peifoimed by the viscosimetiic method In 
oidei to be able to utilize \ iscosity data m Equation 15, it had to be shoini 
iliit undei the conditions employed iiscosity is duectly piopoitional to 
hjaluionic icid concentiation The expeiiment shovn in Fig 1 illustiates 
that this is the case Viscosity is expiessed as lelative viscosity (?; — 1) 
This then lepiesents that poition of the lelative viscosity which is contiib- 
uted bj the hjaluiomc acid 

Fig 2 illustiates a typical assay m ivhich viscosity is plotted against 
time 3’hc (liaiacteiistic cune pieiiously mentioned vail be noted 
Iig 3 illustiates the same assay nlien log ,5 (log of viscosity) is plotted 
iguiist time It is leadih appaient that the stiaight line lelationship 
exjiected in a tiist oidei leaction is not obtained Table I shoivs the 
lesiilts obtained foi /. r, calculated according to Equation 13 (the standaid 
equition foi a fii-^t oidci leiction) When, hoMevei, 1,^ (last column) 
Mas ( ilcul.ited accoiding to Equation 15, lelatively good constancy was 
obi lined It dioiild be kept in mind that m addition to the obvious 
expeiimental cnors (mIiicIi aie jiarticulaib large in the fust points), these 
calcul itions iie made on the a'ssuraption that the pioducts of the leaction 
i ontributc nothing to the \ iscosity 
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Table II illustrates Ihe changes in Kc^ ^vnth changing enz3Tne coucen- 
tiations It IS appaient lhat Lr^ i‘5 directly piopoitional to enzjuno con- 
centiation except at high enzjTno concentrations Table 11 also gives the 
half life time and the en/june activity as obtained giaphically and expressed 
in the manner of Haas It is seen that, all hough this lepresents a sum- 
mation of effects due to changing lates, the relationship between concen- 
tration and actmty is lineai in the range of the lovei tliree enz3Tne 
concentrations 



Fig 1 Relationship of viscosity to hyaluronic acid concentration 

The fact that calculated fiom is lowei than Ij obtained graphically 
again leflects the change in iite vith time The calculated value for ik 
gnes the theoietical half life time, if the reaction is proceeding at rate 
/vro duiing the entiie course of the leaction 
The next group of experiments was performed by a turbidit3 method 
based on the mucin clot phenomenon An appropriate amount of h3’-- 
aluionic acid solution mixed ivith enZ3me nas incubated at the temper- 
atures indicated 
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In order to use this method the lelationship between hyaluionic ^icid 
concentration and optical density had to be determined It was found 
that optical density is diiectly proportional to hyaluronic acid concentra- 
tion These data are presented m the accompanying paper (8) 

Fig 4 lepresents the change m hyaluionic acid concentiation uath time 
The cun e, it will be noted, closely approximates that obtained with the 
viscosity method (Fig 2) 



I he result's of the fust gioup of cxpeiiments vith the turbidity method 
■in* jllustiatcd m Table III The values for /.r, show a trend similai to 
tho''C obtained vilh the viscositj method, namely, they diop directl}'^ vath 
Sa (a\eiage Mibstiate concentration fiom to to t) When is calculated 
b^ I'quation 15, it is noted that good constancy is obtained except during 
the c iih pci lods This de\ lation is to be expected in view of the fact that 
at thcNC times the diffcicnce between So and S„ is so small that small eirois 
in the determination of S„ pioduce acij’ large ciiors in „ 

Table IV shows the a^eragc Aro obtained wath \aiious enzjme concen- 
trations It wall be seen that is directly proportional to enzyme con- 
centration (enzjanc concentiation is given in arbitiary units) It wall be 
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Table I 

As Determined by Viscosity Method 


Temperature 38° 


/ 

5 

1 

So 

irO 

sec 

(v-J) 

— X/0' 
sec 

( 17 - 1 ) 

— XJO’ 
sec 

0 





95 


2 31 


2 58 

212 


2 12 


2 68 

336 

0 66 

1 66 


2 28 

490 

0 61 

1 34 

0 80 

1 97 

680 

0 54 

1 34 

0 76 

2 02 

674 

0 52 

1 26 

0 70 

2 12 

876 

0 42 

1 17 1 

0 65 

2 12 


noted that calculated from bears the same relationship to th obtained 
graphicallj as in the viscosity method (Table II) 
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Table II 

/to 0 / Diffcrcnl Enzi/mc Concenti ahons {V'lsiosilij Method) 
Temperature 38° 


Concentration of 
enomc 

Aterage Iro 

1 

At 

/} (graphic) 

units 

— X /o> 

see 

sec 

— xm 

sec 

sec 

1 

0 G1 

1103 

0 CO 

1680 


0 55 

1260 

0 54 

1850 

2 

0 89 

788 

0 88 

1135 


1 22 

570 

1 20 

830 

4 

1 80 

384 

1 96 

540 


2 10 

330 

1 85 

510 

8 

5 lo 

135 

5 10 

196 


5 29 

131 

5 70 

176 
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variation in experimental design nas the change in temperature Table 
V illustrates the lesults of such experiments, shonang that for every 10° 


T^ble III 

/ ro Determined by Turbidity Method 


Temperature 38° 



S (b>'aluronic 
acid) 


5a (h>aluroQic 
and) 

^0 



— XI0< 

me 

— xid* 



stc 



0 







3 92 

1 62 

4 26 



3 96 

1 45 

4 90 



3 62 

1 31 

4 95 



3 62 

1 20 

5 40 



3 06 

1 09 

5 33 



2 92 

1 00 

5 26 



2 75 

0 93 

5 35 


Table IV 

Relationship of } tio to Enzyme Concentration 


£DZ>iDe concentration 

^fO 

/J* 

/} (graphic) 

pnUs 

— XI0< 

sec 

sec 


sec 



2 

1 53 

4530 


4 

3 35 

2070 

2940 

6 

5 22 

1330 

1800 

8 

6 90 

1005 

1210 


* Calculated b} the formula, <1 = 0 693// 


Table V 

Relationship of I to Temperature 


Fnzjme concentration 

, =■ — X io> 

sec 

38" 

1 28* 

18*’ 

umis 




8 

6 9 

3 48 


16 


7 15 

3 84 


mciease in temperature the leaction rate is doubled If one calculates the 
actuation eneigj' b}’’ the Arrhenius equation fiom these data, values of 
12,800 and 11,000 calones are obtained This is m the range found for 
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many other enzymatic reactions (14) Previous ^vork by Robertson d 
al (15) using an enzyme obtained from Closindttim welclni showed a Aio 
of 1 75 

DISCUSSION 

The Michaehs-Menten theoiy of enzyme leactions states that the late of 
the leaction depends upon the concentration of the enz 3 une-substrate 
complex This in tuin depends upon the concentration of the suhstiate 
unless the lattei is piesent m excess Thus as the substiate is used up, the 
late of leaction falls, and unless collection is made for this effect, a leaction 
vliich IS tiuly hist Older in natuie will appaiently not obey the standard 
equation foi such a leaction The expiession derived in this papei makes 
it possible to correct for this effect 

It has been assumed m this deiivation that the leaction is fiist order in 
natuie vith lespect to substiate Accoiding to the hlichaehs-Menten 
theory this will be true onlj'’ when the enzyme is not satuiated When the 
enzjmie is essentially completely satuiated, the late becomes independent of 
substiate concentration and the reaction behaves as a zero order leaction 
with icspect to substiate Because of this phenomenon the equation 
dcrncd cannot be used to compaie different initial substrate concentra- 
tions The A.,,, deiived is not an absolute constant but depends on the 
particulai initial substiate concentration It is useful m that it is directly 
pioportional to enzjTiie concentration This may have a more general 
application in the study of other systems in which it is inconvenient or 
impossible to use a laigc excess of substrate 

SUMMARl 

1 Ihe kinetics of the hydiolj'^sis of h^mluionic acid undei the influence 
of hvaluronidasc have been studied by two different methods 

2 If the changing substiate concentration is taken into account, the 
data indicate that this leaction is first oidei in character undei the con- 
ditions studied 

3 An expiession has been derived for the theoietical leaction velocity 
const int at 0 time This has been found to fit the expeiimental data 

1 The cncigv of actuation calculated by the Aiihenius equation w^as 
found to be in the neighboihood of 12,000 calories 

5 The expiession derned is of a geneial natuie and should be of im- 
poi tance in the stud} of any system m which the concentiation of substrate 
IS below that necessai V for saturation of the enzyme duiing the course of the 
reaction 
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STUDIES ON THE CYCLOPHORASE SYSTEM 

I THE COI^U’LETE OXmATION OF PYRUVIC ACID TO CARBON 
DIOXIDE AND WATER 

Bi D E GREEN, W F LOOMIS,* v^D V H AUERBACH 

(/'rom the Enzyme Laboratory, Department of Medictnc, College of Physietans 
and Surgeons, Columbia University, New YorJ) 

(Recened for publication, October 8, 1947) 

The present communication is the first m a senes devoted to documenting 
the pioperties of a complex of enzjTncs which catalyzes the complete oxida- 
tion of P 3 TUV 1 C acid bj’’ waj’’ of the Kxebs citiic acid cj’^cle (1, 2) and w^hich 
has been named the C3 clophorase 53 stem The cyclophorase S3'^stem has 
been found to be w idel3' distributed m mammalian tissues, w ith the highest 
concentration in In er and kidne3'^ 

Preparation of Enzyme Complex — ^Rabbit kidne3^ provides a iich and con- 
venient soul ce for prcpai ation of the cyclophorase system The full details 
of the prepaiation are given in the experimental section The method con- 
sists esSentialli’- in mincing fi esh kidney in 0 9 per cent potassium chloride 
at 0° and adding alkali in an amount just sufficient to neutralize the acid 
formed when the cells are luptured * The easil3’^ sedimentable fraction of 
the resulting homogenate contains the C3Tlophorase system, and this frac- 
tion IS purified by repeated suspension in potassium cliloride solution fol- 
fowed by centiifugation The activity of diffeient batches of “enzyme” is 
remaikably constant {QOz about 30 ) In several hundred runs by the 
above method no inactixe preparations w^eie obtained The necessit3’- for 
neutralizing the acidity wffiich develops during mincing has been established 
only in the case of the preparation from rabbit kidney It does not apply 
to the prepaiations fiom cat heart 01 rat hvei This would suggest that in 
rabbit kidne3^ cei tain destructive enzymes are pi evented from inactivating 
the cyclophorase system wffien the pH is maintained above 7 0 , whereas in 
other tissues such as livei and heart these destructive enzymes either are 
not piesent 01 aie piesent in much smaller concenti ation Consistent ivith 
this inteipretation is the fact that the well washed cj'-clophorase pieparation 
of labbit kidne3^ e g at the Residue Rs' stage, is stable and actn e at the 

* National Research Council Fellow in the Medical Sciences 
‘Microscopic examination has shown practicallj no intact cells in the homogenate, 
though the cell nuclei are still essentialb undamaged 

-The sediment obtained b 3 " centnfuging the homogenate wall be referred to as the 
first residue or Residue R, The residue obtained bj resuspending Residue R, in salt 
solution and then centrifuging will be referred to as Residue R., etc The organ 
from which the enzjme is prepared is indicated bj the other imtial, in capital letter, 
thus Residue R;K for the second residue from kidnej 
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same pH (about 6 0) at which the cyclophoiase system becomes mactivated 
in the ongmal homogenate 

The piepaiation of the cyclophoiase sj’^btem fiom labbit kidney is active 
o\ ei a peiiocl of 12 houis vhen stoied at 0° In laie cases activity has been 
found aftei -1 days but, in geneial, less than half the ongmal activity sui- 
\ n es the 1st day The enzyme system does not tolei ate fi eezing or diying, 
exposuie to high conceutiations of salt (gieatei than 0 1 m), to solvents 
(gieatei than 10 pei cent by volume), to deionized watei, to acidity below 
that of pH 4 0, 01 to allcalmit}'’ above that of pH 10 



Fia 1 0\idalion of pyiuvatc bj' a freshly prepared enzyme preparation Each 
manometer vessel contained 1 5 cc of Residue RjK, 0 2 cc of 0 125 M phosphate 
buffer of pll 7 3, and 0 2 cc of 0 1 m NaHCOj In the experimental cup, 0 6 cc of 
0 1 M lithium p 3 ruvatc n as added The final volume was made up to 3 cc with water, 
alkali 111 the eenter n ell, oxj'gen in the gas space, bath maintained at 38° and 5 minutes 
equilibration m the bath before closing the taps 

The enzjTnc suspension is a highly viscous, faintly 3 ’^ellow-coloied gel 
Pioccduies 01 conditions which lead to inactivation of the cyclophoiase 
s^"slom 111 manj' cases lead to visible alteiation in the appeal ance of the gel 
fiom its characteiistic smooth consistencj’’ to one that lesembles cuidled 
milk Elsewheie evidence will be piesented that the enz 3 rme piepaiation 
from labbit kidnej' or hvei is laigely nucleoprotem in nature, though the 
cyclophoiase sy'stem has yet to be identified with the nucleoprotem m the 
preparation There are not enough data to decide w^hethei the enzymes 
constituting the cy'clophoi ase complex are just a loose association of chemi- 
cally and physically disci ete enzymes oi wdiether they are all inextricably- 
associated with one another as m a mosaic 

Components of Cyclophorasc System — ^^Vhen fieshly piepared, the enzyme 
sy-stem requires only molecular oxygen foi the oxidation of pyruvic acid 
(of Fig 1) With storage at 0° the enzyme preparation imdergoes some 
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change by virtue of which it cannot oxidize pyruvate unless supplemented 
mth adenosine triphosphate (or adenjlic acid) and magnesium ions (c/ 
Fig 2) Not all the oxidizing enzj^mes involved m the over-all oxidation 
of pyrunc acid require these two components Elsewhere the require- 
ments of the mdividual oxidizing enzjanes for vanous components will be 
considered m detail 



Fig 2 Components required for the oxidation of pyruvate by an aged enzyme 
preparation The complete system contained 1 cc of a 4 hour-old Residue RjK, 
0 6 cc of 0 1 M py rui ate, 0 2 cc of 0 02 si magnesium sulfate, 0 3 cc of 0 01 sr adeno- 
sine triphosphate (alp), 0 5 cc of 0 1 si sodium bicarbonate, 0 2 cc of 0 125 si phos 
phate buffer of pH 7 3, alkali in the center well (0 2 cc ), and water to make up to a 
final volume of 3 cc Oxygen in the gas space 

Individual Steps in Complete Oxidation of Pyruvic Acid 

Krebs and his colleagues in their now classical investigations (1, 2) 
established that pjToiAnc acid is oxadized to completion by way of the so 
called citric acid cycle They employed in their experiments homogenates 
of pigeon breast muscle and of other tissues The expenments reported 
below establish m a more precisely defined enzjTne system, mz the cy- 
clophorase system of rabbit kidney, the same senes of reactions demon- 
strated by Krebs m studies with homogenates and mdicate the cyclophorase 
system as the one which implements the reactions of the citnc acid cycle 
Smce the oxidation of pynix ic acid is cj'-chcal in nature, it does not matter 
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A\lnch reaction wall be the point of depaituie Foi coni'enience, the oxida- 
tion of a-ketoglutaiate to succinate 'will be consideied fust 
Oxidation of a-Keioglutaiaie — In piesence of 0 033 m malonate, the oxida- 
tion of a-ketoglutaiate bj'- the kidney enzyme system only pioceeds one 
step to succinate, in agieement wath the lesults of Ochoa (3) m his study of 
an analogous enzjone prepaied from cat heart 

(1) COOH CHj CH; CO COOH + {Oj -> COOH OH; CH. COOH + CO, 

The suppoi ting data ai e showoi in Table I Succinic acid Avas isolated fi om 
the reaction mixtme and chaiactenzed by melting point (182° befoie and 
aftei admixtuie 'wath a knoivn sample) accoidmg to the pioceduie dc- 
sciibed by Stumpf et al (5) for sepaiatmg succinic acid from malonic acid 
and a-ketoglutaiic acid 


Table I 

Oxidalion of a-Kctoglularalc to Succmate and Carbon Dioxide in Presence of Malonate 



ft Ketoglutaratc disap- 
pearing 

OTygen taken up 

Carbon dioxide formed 


mtcromoles 

mcroaloms 

micromoles 

Observed 

28 0 

27 1 

27 0 

Tlicorj' 


28 0 

28 0 


The following additions w'erc made in the manometer cup 1 cc of Eesidue RjKj 
0 1 cc of M malonate, 0 3 cc of 0 1 M a-ketoglutarate, 0 5 cc of 0 04 Jt phosphate 
buITcr of pH 7 3, and 0 2 cc of 0 02 m magnesium sulfate Alkali in the center well 
and oxygen in the gas space Time of experiment, 90 minutes at 38° a-Ketoglu- 
taiic acid was estimated by the bisulfite method of Clift and Cook (4) The values 
in the table haxe all been coi reeled foi the small blanks without added «-ketoglu 
tarate 

Oxidation of Succinate — The one-step oxidation of succinate to funiaiate 
can be isolated foi study by the expedient of shaking the enzyme piepaia- 
tion at 38° foi some 15 minutes befoie tipping in the succinate This 
lioitment completely dcstioj^s the othei oxidizing enz-^ones and thus 
ni.ilvcs it possible to stud)’' exclusu’-ely the action of fsiiccinoxidase 

(2) COOH CH; CII: COOH + 10, -> COOH CH=CH COOH ;?± 

COOH CHOU CH» COOH 

'The pioduct of oxidation, viz fumarate, is biought into equilibiium A\ith 
1-in ilic acid iindci the influence of fumaiase xvliich is piesent in the cy- 
clophoia^-o piopaiation The data m Tible II shoxv that the lequiiements 
of equation (2) ue satisfied 

3 ho oxidation of succinate bc} ond the fumaiate-malate stage can also be 
aiicstc (1 w ith 0 0033 At aisenitc, a leagent which Kiebs used successfully foi 
the simc pin pose in his cxpeiiments with homogenates of pigeon bieast 
muscle 
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'Iablu II 


Oxidation of Succinate to rumaratc 



Succinate oxidised 

Oxj gen absorbed 

Malate formed 

Malate + fumarate* 


rttcromoles j 

mtcromolcs 

tnicrpmoles 

micromoles 

Observed 

50 0 

49 6 

44 

60 

Thoorj' 


50 0 

44t 

50 


The e\pcnmental vessels contained 1 ce of Residue RjK, 0 5 cc of 0 1 m succinate 
(in the side arm), 0 2 cc of 0 125 m phosphate buffer of pH 7 3, and water to a final 
\olume of 3 ce , alkali in the center well and ovygen in the gas spaee After the 
manometer vessel was shaken in the bath (38®) for 15 minutes, the taps wore closed 
and succinate w as tipped in from the side arm All of the experimental \ alues have 
been corrected for the appropriate blanks Each of the observed values represents 
the mean of at least two estimations Agreement was within 3 per cent Malie 
acid was estimated bj the method of Puchcr cl al (C) 

* The equilibrium ratio of malate to fumarate has been found to be 7 66 under the 
same conditions ns in the oxidation of succinate 

■f The “theoretical” value of 44 micromoles is the expenniental v alue obtained 
after adding 50 micromoles of malic or fumaric acid to the enzjmie mixture 


Table III 

Oxidation of Malate and Fumarate to Pyruvate 



O^gen absorbed 

Carbon dioxide formed 

Pyruvic acid formed 


microotoms 

micromoles 

tntero motes 

Malate, observed 

14 0 

13 0 

12 4 

“ theory 

1 

14 0 

14 0 

Fumarate, observed 

, 13 4 1 

13 4 

13 5 

“ theory 


13 4 

13 4 


Each experimental manometer vessel contained 1 5 cc of Residue RjK, 0 5 cc 
of 0 2 M 2 ammo 2 methyl-l,3-piopanediol buffer of pH 9 5, 0 2 cc of 0 01 m adeno- 
sine triphosphate, 0 2 cc of 0 02 m magnesium sulfate, 0 1 cc of 0 125 m phosphate 
buffer of pH 7 2, 0 15 cc of 10 n sulfuric acid in the center well, and 0 2 cc of 0 1 m 
1-malato or fumarate After 16 minutes equilibration in the bath, the taps were 
closed The oxygen uptake for this period wnth the taps open w as obtained by extra- 
polation At the end of the run (70 minutes) acid w as tipped m from the center w ell 
and the total carbon dioxide formation was determined Pyruvic acid was deter- 
mined by the colorimetric procedure of Straub (7) A known amount of pyruvic 
acid (10 and 20 micromoles) was added to the enz 3 me mixture as above, but without 
malate or fumarate, and lun through as standards with which to compare the ex- 
perimental solutions All estimations were carried out in duplicate and the values 
recorded above are the mean values, agreement being within 5 per cent in all cases 

Oxidation of l-Malaic — ^At pH 9 the oxidation of i-malate proceeds only 
one step, with accumulation of pyruvate (c/ Table III) The analytical 
data satisfy the requirements of equation (3) 

(3) COOH CHOH CHi COOH + JO- -> CH, CO COOH + COj 
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Oxalacetate is, m faci, the first pioduct of oxidation However, it cannot 
be demonstrated as an mteimediaiy undei these conditions "When added 
to the enzyme preparation, it is broken down to pyiuvate and carbon 
dioxjde at a sufficiently rapid late to pieclude any chance of its being 
isolated rvithout emplojnng some tiappmg device The decaiboxylation 
of oxalacetic acid is partly catalyzed and paitly spontaneous m the pH 
lange 7 to 9 No additions m the Avay of cations, such as Mg or Mn, aie 
needed for the full activity of oxalacetic caiboxylase 

With the aid of cyanide, it becomes possible to demonstiate that oxalace- 
tic acid IS the fiist product of oxidation of /-malate Since cyamde inlubits 
the S 3 '^stem invoh ed in the leaction with molecular oxygen, methylene blue 
has to be added m oi dei to make possible the i eaction vnth molecular oxygen 
(c/ Table IV) Whereas 1 mole of CO 2 is foimed foi each atom of oxygen 
taken up dm ing the oxidation of /-malate at pH 9, no CO 2 is formed when 
the oxidation takes place in piesence of cyanide Oxalacetic acids leacts 
almost instantaneousl 3 ’' i\ ith c 3 mnide to foim the cyanohydrm (9) and no 
free keto acid can be demonstiated Hovevei, the cyanoh 3 '^drin can be de- 
composed in stiongl 3 ^ alkaline solution and the presence of a keto acid is 
now demonstrable 

P3nm 1C acid was demonstiated as the pioduct of oxidation of Z-malate by 
isolation fiom the 1 eaction mixtiue as the 2,4-dimtrophenylh3''diazone 
Aftei ieci 3 '’stallization fiom ethyl acetate-hgioin mixtures, the derivative 
melted at 212° Analysis shoved 40 65 pei cent C, 3 20 per cent H, and 
20 61 pel cent N, tlieoiy for CoH80gN 4 lequiies 40 28 per cent C, 3 01 per 
cent H, and 20 90 pci cent N The isolation was earned out in a reaction 
mixtuic buffeicd at pH 9 5, the pH at which p 3 uuvic acid laigely accumu- 
lates 

Convci Sion of Omlocclalc to Ctliaie — In piesence of baiium 10 ns and 
ox\gen, the kidne 3 ’' prcpaiation catalyzes the oxidative conveision of oxal- 
acctic acid to citiic acid (c/ Table V®) Wieland and Rosenthal (10) were 
the fust to use baiium 10 ns as a device foi accumulating citric acid No 
other additions aie necessary foi citiic acid formation fiom oxalacetate 
vhcthci the kidnc^’’ ‘‘enz 3 me” used is fieshl 3 '’ piepaied 01 some hours old 
Ihc 3 icld of citric acid calculated on the basis of the oiiginal staiting 
amount of oxalacetic acid is admitted^’" low Howevei, it can leadily be 
shown that the bulk of the oxalacetic acid vluch disappeais cither under- 
goes dismutation and oxidation-i eduction, lesulting in the formation of 
malate, fumaratc, and succinate (c/ Table VI), or accumulates as pyruvic 
acid As 3 ct, no means liaAe been found wheicb 3 ’’ the conversion of oxal- 
acctic to citric acid can be studied without these other side leactious taking 
place 

are much indebted to Mr Edward SporlinR for carrying out manj of these 
estimations 
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Pyruvate is barely, if at all, oxidized by a well washed kidney enzyme 
such as Residue Ro except in piesence of CO 2 or m presence of catalytic 
amounts of a membei of the citric acid cycle (c/ Fig 3) These observa- 
tions are consistent inth the assumption that pjnuvic acid is carboxylated 
to form oxalacetic acid and they confirm the lesults of Wood el al (11) and 

Table IV 

Oxidation of Malalc and Fumaralc to Oxalacctalc 


No carbon dioxide or pyruvic acid was formed 



1 Oxygen absorbed 

1 

Keto acid estimated after 
exposure to alkali 


1 

1 mtcroatams 

mteromoUs 

Malate 

10 7 

12 3 

Fumarate 

1 8 9 

7 9 


The experimental manometer vessela contained 1 5 cc of Residue RjK, 0 05 cc 
of 1 M fumarate or malate, 0 5 cc of 0 1 per cent methylene blue, 0 2 cc of 0 05 if 
KaCN (acidified to pH 9) in the side arm, and 0 15 cc of 10 n sulfuric acid m the 
center well The final volume was made up to 3 cc with water After the ma- 
nometers were shaken for 5 minutes in the bath, the taps vere elosed and the cyanide 
solution tipped in from the side arm The oxygen uptake was then followed until 
complete (20 minutes) Then the acid was tipped in from the center well and the 
total carbon dioxide formed in the reaction was measured Two separate types of 
controls were run one, the usual counterpart to the expenmental except that no 
substrate was added, the other, identical with the expenmental except that strong 
acid w as tipped in at zero time (closing of taps) before the cyanide This control 
provides a measure of the carbon dioxide formed dunng the 6 minute equilibration 
before the taps were closed and before the oxidation of malate or fumarate was 
stopped at the oxalacetate stage by cjanide Pyruvic acid was estimated in the 
tnchloroacetic acid filtrates by the method of Straub (7) The cyanohydrin was 
decomposed as follows 2 cc of the trichloroacetic acid filtrate were mixed with 
2 cc of ^ alkali After 5 nunutes, the alkaline ex-tract w as qmckly poured into 5 cc 
of 0 5 per cent 2,4 dinitrophenj Ihydrazine solution in 4 n HCl Keto acid was then 
estimated by the procedure of Fnedemann and Haugen (8) As standard, known 
amounts of pyruvic acid or oxalacetic acid were added to the enzyme mixture as 
above except that substrate was omitted, and these standard solutions were then 
treated exactly as the experimental solutions The decomposition of cyanohydnn 
IS not a quantitative procedure and only some 50 per cent of the keto acid onginally 
added could be recovered When the alkali treatment was omitted, no keto acid 
could be detected in the trichloroacetic acid filtrate 

Evans et al (12) obtained with the use of isotopes on the reversibility of the 
decarboxylation of oxalacetic acid in animal tissues On purely chemical 
grounds it appears more likely that a condensation betw^een pyruvic acid 
and oxalacetic acid then takes place rather than between 2 molecules of 
oxalacetic acid Elsewhere evidence will be presented that the kidney 
enzyme preparation catalyzes the condensation of oxalacetic acid with 









396 


CICLOPHORASE SYSTEM I 


othei pTitneis such ns acetoacetic acid Tlie data of Tables V and VI, as 
^\ell as of Fig 3, aie consistent with equation (-i), although they do not 
establish its validity 

Table V 


loimahon of Cilralcfiom Otalacclate 



^ Citric ncid formed 


micromoles 

Complete S3'steni 

3 5 

Without barium 

1 9 

“ oxalacctatc 

0 

“ oxygen 

1 7 

Complete system but with boiled enzj'mo 

0 1 


The yield of citric acid in this cxpciimcnt Mas35X2X 13X 1/50 X 100 = 18 2 
per cent The factor 1 3 corrects foi the amount of m-aconitic and isocitric acids 
present in equilibrium with citric acid The complete system contained 1 5 cc of 
Residue RjK, 0 1 cc of m barium chloiide, 0 5 cc of 0 1 M oxalacctate, and nater 
to a final \ olumc of 3 cc Oxygen in the gas space, time of experiment, 60 minutes 

Table VI 


Carbon Balance Study of Anaerobic Disappcaiancc of Oxalacctatc 


1 

Tormed 

Eisippeiring 


mxcromohs 

micromoles 

Citrate 

4 6 


Ibruxate 

21 


Malatc + fumaratc 

17 


Succinate 

5 0 


Oxalacctatc 

1 

1 

50 


The recox er> of oxalacctatc in the form of these foui compounds is 104 pci cent, 
if we allow for the fact that 1 molecule of citrate is equivalent to 2 molecules of 
oxalacctatc and that for each molecule of pyruvic acid and citric acid foimed 2 and 
1 molecules respcctnol^ of carbon dioxide arc evolved The experiments wcie set 
up in Thunberg tubes The experimental tubes contained 2 cc of Residue of RjK, 
0 25 cc of 0 125 M phosphate bulTer of pTl 7 3, 0 5 cc of 0 1 M oxalacctatc, and 0 25 cc 
of water Ihc blank tubes contained no substiatc Aftei evacuation the tubes 
were kept at 3S° for 1 hour Depending iqion the estimation, the contents of each 
set of expciimental and control tubes weic dcpioteinizcd citliei with trichloroacetic 
acid or with sulfuric tungstic acid For the methods of estimation sec the cxpcii- 
mental section Each cstim it ion was cairied out at least in duplicate 

(1) coon CO CH: coon -l- CIR CO coon citnc acul + CO. 

The labbit kidnex enzyme t>jstem contains the enzyme, discox ci od b\ 
Martiub (13), wlntli bungs isocituc, citiic, and cis-aconitic acids into oqui- 
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hbnum wtli one another (cf Table Thus, citric acid, when referred 

to in connection with the kidney system, must be considered to be accom- 
pamed by an eqmhbnum amount of isocitnc and «s-aconitic acids It 



Tig 3 Sparking of pyruvate ovulation wutli bicarbonate or with fumarate in 
catalytic concentration The complete sj steins contained 1 cc of Residue RjK, 
0 5 cc of 0 1 V pyruvate, 0 3 cc of 0 01 m adenosine tnphosphate, 0 2 cc of 0 02 v 
MgSOi, 0 1 CO of 0 125 M phosphate buffer of pH 7 3, and cither 0 5 cc of 0 1 m bi- 
carbonate or 0 03 cc of 0 1 M fumarate 


Table VII 

Equilibrium of Citric Acid with Isocline and cis-Aconilic Acids 


Addition j 

Citnc acid found at equilibrium 


1 

1 

mxcromoUs 

60 micromoles citric acid j 

47 

60 

isocitric acid 

46 

60 

CIS aconitic acid 

46 

60 

irans aconitic acid j 

0 2 

None 


0 


The experiments w ere earned out anaerobically in Thunberg tubes for 45 minutes 
at 3S° The additions were 1 5 cc of Residue RjK, 0 2 cc of 0 125 m phosphate 
buffer of pH 7 2, and 0 6 cc of 0 1 xi substrate The final volume was made up to 
3 cc with water Citric acid was estimated essentially by the method of Pucher 
et al (6, 14) 

should also be stiessed that there is no evidence as j'^et beanng on the ques- 
tion which of the tliiee equilibrium forms is the actual pioduct of the oxida- 
tive condensation Citiic acid happens to be the foim actuallj estimated. 
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but otberuTse theie is no reason for selecting citiic acid latber than the 
othei two fonns 

The piopeities of citiogenase, the enzyme complex which catalyzes the 
foimation of citnc acid fiom oxalacetic acid, has been studied in some detail 
by Bieusch (15, 16), Wieland and Rosenthal (10), and Huntei and Leloir 
(17) Theie is still imceitamty as to the mechanism and details of both 
the condensation and oxidation leaction involved in citiic acid foimation 

rumn VIII 


Oxidahoii of Cihate and Isocitiale to a-Ketoglutaratc 


Subs! ntc 

Concentration of arscnitc 

1 Oxjgen absorbed 

1 a Ketoglutaratc formed 

1 



mtcromatoms 

micromoles 

CltliltC 

0 0066 

7 S 

5 6 

“ 

0 0066 

7 4 

6 3 

1 

I 0 0066 

9 1 

7 6 

<< 1 

0 0033 

12 1 

9 6 

Isocitrate 

I 0 0066 

5 0 i 

4 2 


1 0 0033 

1 

7 9 

7 5 

1 


The e\pcnmcntal mauometer flasks contained 1 5 cc of Residue RjK, 0 4 cc of 
0 1 M citrate or isocitrate, arsenite in a final concentration of either 0 0066 or 0 0033 u, 
alkali in the center well, and water to a final volume of 3 cc The experiments were 
carried out for 30 to CO minutes at 38° with oxygen in the gas space The values 
for the oxygen uptake and formation of a-ketoglutarate have been corrected for 
their appropriate blanks An internal standard was used in the estimation of a-keto- 
glutarate by the method of Friedcmann and Haugen (8) An enzyme mixture as 
above was prepared containing 10 micromoles of a-ketoglutarate but no citrate or 
isocitrate This mixture was then carried through the procedure, identical to that 
of the experimental solution The oxygen uptake in the cup containing a-keto- 
glutaratc w ns taken as the appropriate blank value for correcting the rates obtaining 
in presence of citrate or isocitrate 

Oxidation of Isocitrate At pH 9, the oxidation of isocitiate (or citrate 
and cis-acomtate) to a-ketoglutaiate proceeds according to equation (6) 

Co) COOH CII (CH- COOH) CHOH COOH + iOj 

coon CH: CHj CO COOH -1- COj 

Table VIII shows that the analytical data satisfy the requirements of equa- 
tion (5) a-Ketoglutaric acid was isolated from the reaction mixture as its 
2,4-dmitrophenylhydrazone After three recrystalhzations from aqueous 
alcohol, the deruatixc was found to contain 40 9 per cent C and 3 00 per 
cent II, theorj' for CnHioOsN^, 40 5 per cent C and 3 07 per cent H 
Ochoa (IS) has showm that a soluble pyridinoprotem enzyme of heart 
muscle catalj zes the oxidation of isocitrate to oxalosuccmate, which m turn 
IS decarboxj lated to a-kctoglutaiate and carbon dioxide Oxalosuccmate 
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may ell be an mtcrmedjarj’’ m the oxidation of isocitrate in the cj'clophor- 
ase sj’stem, but as j et no direct e\ idence can be brought to bear Under 
the conditions of our experiments, oxalosuccmate is broken down so quickly 
to a-ketoglutarate that it is x irtuall 3 ’' equivalent to adding a-ketoglutarate 
There is no exudence of a carbox'ylase in the cyclophorase system specific for 
oxalosuccmate Apparently the obserxed breakdown m presence of the 
enTxnne can be accoimted for in terms of the spontaneous non-enzjnnatic 
reaction 




Fig 4 Citnc acid cycle 


There is but one mdirect bit of evidence x\ hich favors oxalosuccmate as 
an intermediary in the oxidation of isocitrate a-Ketoglutarate can be 
reductix’’elj’' carboxjdated to citric acid under certain conditions, a process 
which would argue oxalosuccmate as the pnmarj’' carboxylation product 

Complete Oxidation of Pyruvate 

It follows from xvhat has been said prex louslj’- that anj’' member of the 
citric acid cycle (graphical!}’- represented m Fig 4) should be oxidized 
to carbon dioxide and water in absence of any inhibitors and at pH 7 3 
Theie are only five oxidatix e steps in one complete turn of the cycle, xvhich 
means that more than one turn will be needed to o-adize any member of the 
citric acid cycle that requires per molecule more than 5 atoms of oxygen 
In Table IX, exudence is presented* that all the postulated members of the 
cycle are o-adized to completion xnthm the limits of error of the mano- 

* We are much indebted to Dr XVilbam Atchlej for carrying out these manometnc 
experiments 
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metiic methods It should also be pointed out that the rates with which 
all these substances aie oxidized aie sufficiently lapid to peimit the assump- 
tion that they shaie a common pathwaj'' of metabolism 

In the labbit kidne}’' system, pyiuvic acid is oxidized exclusively by Avay 
of the citiic acid cycle The system in anunal tissues desciibed by Stumpf 


Table IX 

Complete Oxidation of Memhers of Citric Acid Cycle 


Substrate 

Substrate 

added 

Oxygen 

Observed 

Theory for complete 
oxidation 


mtcromolcs 

mteroohms 

intcroaloms 

a-Kctoglutarate 

5 

38 1 

40 0 

Malate 

5 

30 7 

30 0 

H 

10 

56 S 

60 6 

Citrate 

5 

47 1 

45 0 

Isocitrate 

5 

45 3 

45 0 

Succinate 

5 

34 3 

35 0 

Fumaratc 

5 

34 0 

30 0 

Pyruvate 

5 

23 9 

25 0 

cis-Acomtatc 

5 

48 4 

45 0 

Oxalacetatc 

2 5 

12 2 

12 5 


Substrate oxidized 

Carbon dioxide 


micromoles 

micromoles | 

mtcromolcs 

a-Kctoglutaratc 

4 37 

21 3 

21 9 

Isocitrate 

3 79 

21 7 

22 9 

Succinate 

3 77 

15 1 

17 2 

Puinarate 

4 73 

16 4 

18 9 

CIS- Vtoiiitate 

5 00 

27 9 

30 0 


The complete sj stem in everj case contained 1 5 cc of Residue R3K, 0 3 cc of 

0 01 M adenosine triphosphate, 0 2 cc of 0 02 m magnesium sulfate, 0 2 cc of 0 125 jr 
pho‘.phato buffer of pH 7 2, and substrate in the amount indicated In tlie main 
compartment of both the experimental and blank manometei vessels, 1 micromole 
of succinate nas added to prevent the detenoiation of the enzyme dunng the equili- 
bration period After 5 minutes, the taps were closed and the substi ate solution 
in the side arm i\as then mixed nith the cup contents Carbon dioxide format ion 
was measured bj the indirect method described fully in Umbieit ct al (19) The 
manoinclrie experiments quoted above are representative experiments which have 

1 cen conEistcntl3 duplicated 

rt ol (o), wliicli oxidizes pyiuvic acid to acetic acid, apparently is not 
piC'^ent in tlic kidney cxclophoiase prepaiation 

Anaaohic Oxulalion-licduclion — 0x3 gen is not an obhgatoi3’' oxidizing 
igent foi Ihc cxclophoiase s3"stem Feu 103^01010, for example, can substi- 
tute foi oxx gen cfTectix 0I3', as is sliown m Fig 0 Meth3denc blue is anothci 
satisfactory' acceptor In addition, it is possible to use the oxidant of one 









Fig 5 OMclation of a Lctoglutarate by fcmcyamde The e\penmental cup 
contained 1 cc of Residue RJv, 0 3 cc of 0 01 m adenosine triphosphate, 0 2 cc of 
0 02 M magnesium sulfate, 0 3 cc of 0 1 it a-kctoglutaratc, 0 1 cc of 0 5 M sodium bi- 
carbonate, and 0 2 cc of 0 5 m fernoyamdo The final volume was made up to 3 cc 
with water, 95 per cent nitrogen-5 per cent carbon dioxide gas mixture in the gas 
space 



Fig G Oxidation of a-ketoglutarate bj acetoacetate The experimental cup 
contained 1 5 cc of Residue RjK, 0 3 cc of 0 01 m adenosine triphosphate, 0 2 cc 
of 0 02 it magnesium sulfate, 0 2 cc of 0 125 m phosphate buffer of pH 7 2, 0 3 cc of 
0 1 SI a-ketoglutarate, 0 1 cc of 0 060 ii acetoacetate, 0 1 cc of 0 5 si NaHCOj, 0 03 cc 
of M fluoride, and 0 37 cc of w ater, 95 per cent nitrogen-6 per cent carbon dioxide gas 
mixture in the gas space 
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oxidation system to oxidize the reductant of another system Thus, 
a-ketoglntanc acid can be oxidized by acetoacetate These particulai 
oxidation leactions can be followed manometrically by measuimg carbon 
dioxide evolution in a bicaibonate medium (cf Fig 6) A further example 
of these o\idation-i eductions is the oxidation of citiate by various hydrogen 
acceptors such as acetoacetate and fumarate 
Dislnbiihon of Cyclophorase System — ^Active preparations of the cy- 
clophorase system have been obtained fiom kidney (rabbit, cat, pigeon, 
goat, dog, lamb, gumea pig), liver (rabbit, lat, pigeon), heart (cat, pigeon, 
rabbit), brain (rabbit, pigeon), and breast muscle (pigeon) The kidneys 
invariably provide rich sources of the cyclophorase system Liver is also a 
rich source, but the preparation of active enzyme is more difficult from this 
tissue 


EXPERIMENTAL 

Preparation of Enzyme Complex — ^Three rabbits (2 to 3 kilos m weight) 
are killed by a blow on the head and exsanguinated The kidneys are 
removed and cooled immediately m ice water Within 5 mmutes the 
kidneys are blended mth 350 cc of ice-cold 0 9 per cent potassium chloiide 
solution foi a period of 2 mmutes Approximately 1 3 cc of N sodium 
hydroxide have to be added to maintain the pH between 7 and 7 5 during 
the blending The pH should be checked contmually by removing drops 
and testing with brom-thymol blue The homogenate is centrifuged for 15 
minutes m the 1 liter comcal head of an International Equipment Company 
refrigerated centrifuge at 2000 X 0 The temperature must never be al- 
lowed to exceed 5° thioughout all manipulations The supernatant fluid is 
poured off and replaced by an equal xmlume of cold potassium chloride 
solution The lesidue (Ri) is evenly lesuspended and the mixture cen- 
tiifuged for i minutes At Residue R3 stage, the residue is taken up in the 
minimum volume of cold potassium chloiide and a smooth gel is prepared 
Fiom the kidnej’s of three rabbits, appioximateb’’ 45 cc of suspension are 
obtained 

Reagents— Tho follomng methods of preparation iveie used lithium 
pj'iuxate (20), oxalacetie acid (21), a-ketoglutaiic acid (22), adenosine 
triphosphate (19), and cis-aconitic acid (23) We are indebted to Dr 
Puchcr foi a sample of the methyl estei of isocitric acid and to Dr Severe 
Ochoa for the barium salt of oxalosuccmic acid 

Method of Estimation — The follovnng arialj^tical procedures weic used 
citric acid (0, 14, 24), malic acid (25), pyruvic acid (7), aJcetoglutaiic acid 
(4, 2G), succinic acid (27), oxalacetie acid (28) 

Manometry — ^Tlie usual manometne procedures w'cie employed except 
that the substrate w as mixed v itli the enzyme at the stai t of the experiment 
to axoid the mactnation which results fiom shaking the enzyme at 38° m 
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absence of substrate The manometers i\ere equilibrated for 5 minutes m 
the bath before the taps were closed 

summahi 

The cyclophorase system of rabbit lodney has been shorni to catalyze the 
oxidation of pj'ruvic acid to carbon dioxide and ivater by way of the citiic 
acid cj'cle 

We are indebted to the Rockefeller Foundation, the Wilhams-Waterman 
Fund of the Research Corporation, and the American Cancer Society, Inc , 
for grants m aid 

BIBLIOGRAPHY 

1 Krebs, H A , and Johnson, W A , Enzymologia, 4, 148 (1937) 

2 ICrebs, H A , m Nord, F F , and Werkman, C H , Advances in enzymology and 

related subjects, Neiv York, 3, 191 (1943) 

3 Ochoa, S , J Bwl Chem , 166, 87 (1944) 

4 Clift, F P , and Cook, R P , Btochcm J , 26, 1788 (1932) 

5 Stumpf, P K , Zarudnaya, K , and Green, D E , J Biol Chem , 167, 817 (1947) 

6 Pucher, G W , Vickery, H B , and Wakeman, A J , Ind and Eng Chem, Anal 

Ed , 6, 288 (1934) 

7 Straub, F B , Z physiol Chem , 244, 117 (1936) 

8 Fnedemann, T E , and Haugen, G E , / Btol Chem , 147, 415 (1943) 

9 Green, D E , and Williamson, S , Btochcm J , 31, 617 (1937) 

10 Wieland, H , and Rosenthal, C , Ann Chem , 664, 241 (1943) 

11 Wood, H G , Werkman, C H , Hemingway, A , and Nier, A 0 ,J Biol Chem , 

142, 31 (1942) Wood, H G , Vennesland, B , and Evans, E A , St , J Biol 
Chem , 169, 153 (1945) Utter, M F , and Wood, H G , / Biol Chem , 160, 
375 (1945), 164, 455 (1946) 

12 Evans, E A , Jr , and Slotin, L , J Biol Chem , 141, 439 (1941) Evans, E A , 

Jr , Vennesland, B , and Slotin, L , J Biol Chem , 147, 771 (1943) 

13 Martins, C , Z physiol Chem , 267, 29 (1938) 

14 Pucher, G W , Sherman, C C , and A^ckery, H B , / Biol Chem , 113, 235 (1936) 

15 Brcusch, F L , Biochem J , 33, 1757 (1939) 

16 Brcusch, F L , Science, 97, 490 (1943) 

17 Hunter, F E , and Leloir, L F , / Biol Chem , 169, 295 (1945) 

18 Ochoa, S , J Biol Chem , 169, 243 (1945) 

19 Umbreit, W W , Burns, R H , and Stauffer, J F , Manometric techmques and 

related methods for the study of tissue metabohsm, Minneapolis (1946) 

20 Wendcl, W B , / Biol Chem , 94, 717 (1931-32) 

21 Krampitz, L O , and Werkman, C H , Biochem J , 36, 595 (1941) 

22 Adkins, H , in Organic syntheses, Neu York, 26, 42 (1946) 

23 Malachowski, R , and Maslowski, M , Ber chem Ges , 61, 2521 (1928) 

24 Speck, J F , Moulder, J W , and Evans, E A , Jr ,J Biol Chem ,164, 119 (1946) 

25 Pucher, G W , Wakeman, A J , and Vickery, H B , Ind and Eng Chem , Anal 

Ed , 13, 244 (1941) 

26 Blanchard, M , Green, D E , Kocito, V , and Ratner, S , J Biol Chem , 166, 

421 (1944) 

27 Krebs H \ , Biochem J , 31, 2095 (1937) 

28 Ostern, P , Z physiol Chem , 218, 160 (1933) 




THE ENZYiHATIC STEPS IN UREA SYNTHESIS* 

Br PHILIP P COHEN and MHCA HAYANO 

(From the Laboratory of Physiological Chemistry, University of Wisconsin, 

Madison) 

(Received for publication, October 4, 1947) 

Investigations on the sjmthesis of arginine from citrulline (Step II of 
the Krebs-Henseleit mea cycle) and citrulline from ornithine (Step I) by 
nt In er homogenates have been reported prenously (1-3) The study of 
the latter leaction uas made possible b 3 '’ the apparent^’’ cntical magnesium 
ion concentration reqiured for the function of the liver transimmation 
(citruUme to aigimne) s^’-stem An attempt to isolate these reactions 
further has led to the use of differential centrifugation methods Bj-- this 
means a separation of the tv o reactions has nou been effected 

The sjstem for the s 3 mthesis of citnillme vas found to be associated 
inth the msoluble residues of the rat livei cell, vhile the system mvolved 
m the synthesis of arginine required two fractions, a soluble piotem com- 
ponent plus the insoluble residue 

The use of these tissue fractions has led to more detailed information 
regardmg the optimum requirements foi Steps I and II It has non been 
shown that the citnillme to argimne reaction mvolves the transfer of hy- 
drogen through the cytochrome S 3 ^stem Furthermore, the step omithme 
to citrulline is shovTi to require the presence of magnesium ions and high 
concentrations of either ATP (adenosme tnphosphate) or AMP (aden 3 dic 
acid), as veil as ormthme, glutamic acid, ammomum, potassium, phosphate, 
and bicarbonate ions, carbon dio'nde, and ox 3 '^gen at the concentrations 
used prenously vith vhole homogenate 

It IS the pill pose of the present paper to describe in detail the experi- 
ments leading to the above findmgs 

Procedures 

Preparation of Homogenates — ^A 20 per cent homogenate in isotonic KCI, 
prepared as desenbed previously (1), is centnfuged 10 minutes at 2000^ 
in a cold room kept at 1° The resultmg cloud 3 ^ supernatant fluid, used 
as such or m diluted form, is designated m this stud 3 ' as the supernatant 
The sediment is v ashed in a volume of isotonic KCI equal to that of the 
supernatant, poured off, and centnfuged for another 10 mmute penod at 
the same speed The v ashed sediment is taken up m the same vo’ume of 
isotonic KCI and used as such This preparation is referred to as the 

* Aided in part b\ a grant from the Wisconsin Alumni Research Foundation 
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lesidue jn this paper 0 5 ml of residue suspension, contamed fiom 10 to 
1 3 mg of tissue N 

Homogenates of heait muscle and pigeon bieast muscle were prepared 
in the following mannei The fiesh tissue was chilled, cut into small 
pieces, homogenized m a volume of isotonic NaCl sufficient to make a 25 
to 30 pel cent homogenate in the Pottei and Elvehjem appaiatus (4), and 
filteied thiough foui la3'’eis of gauze befoie use A volume of 0 6 ml was 
used per flask 

Other Tzssue Preparations — ^Foi fieezmg tieatment, preparations pie- 
paied as described above ivere stoppeied tightlj’ and left in a deep fieeze 
compaitment overnight Prior to using thej'’ uere thawed out at room 
temper atui e 

Boiled homogenate piepaiations weie made by lieating the residue or 
supernatant in a steam bath foi 10 minutes and filtei mg off the coagulated 
pi oleins The light gieenish yellow filtiate was then used 0 5 ml con- 
tained from 0 3 to 0 4 mg of N 

Preparations stoied overnight weie kept m stoppered tubes at 1° 

.kn acetone poivdei of the supernatant v as piepaied by adding 2 volumes 
of ice-cold acetone to the supernatant, followed by collection of the pie- 
cipitate by suction filtration The lesidue was diied in vacuo ovei H2SO4 
and giound m a moitar mth isotonic KCl befoie use 

An acetone povder of vhole homogenate was prepaied by adding 5 
vohmies of acetone to the homogenate, followed b}’’ centiifugation and 
desiccation of the lesidue in vacuo ovei H^SOj The powder wms taken up 
in isotonic KCl befoie use 

Tncuhation — All incubations weie earned out m Waibuig flasks at 38° 
foi 1 hoiii unless othei \i ise specified 1 0 to 1 5 mg of lesidue N was used 
pci flask foi studies of Step I, 0 5 to 0 8 mg each of supeinatant and les- 
idue N for Step II The total incubation volume was 3 0 ml 

Ynneiobic oxpeiimenls weie earned out as desciibed before (3) 

Analytical — Methods and pioccduies foi the analyses of uiea and citiul- 
hne haic been dcsciibcd befoie (1, 3) Uiea was measuied as the end- 
pi oduct of the citiullmc to aiginine leaction, since the activity of hvei 
arguiaso in 0111 piepaiations was alw'a3’-s such as to insure the complete 
hvdrobsis of 'Ugininc 

Pirparalwns Used — Souices of the piepaiations used have been listed 
picMOiish (1,31 

Results 

Synthesis of Arqimncfrom Cilrulhnr (Step IT) 

Diffirential Ccnti if ligation — The results obtained wath the use of homo- 
genate fractions prepared b\ centiifugation are shown m Tabic I Neither 



V P COHEN AND M HATANO 


407 


the residue nor supernatant n as active alone, even m the presence of added 
calf Iner arginase (5) Recombination of the tno fractions, honever, 
resulted in the regeneiation of almost the total activity of the original 
i\hole homogenate Heatmg of either fraction lesulted m the loss of ac- 
tmtj Freezing destiojed oulj’’ the lesidue activity Dialysis agamst 
isotomc NaCl was without influence Acetone powders of the supernatant 
and wrliole homogenate showed slight actmty when fortified with fresh 
residue Both fractions were relative!}’’ stable to stoiage, in contiast to 
the mstibiht} of whole homogenate, which lost two-thirds of its activit} 
on storage for 24 hours at 1° 

Smce the function of the insoluble residue could be demonstrated in 
other tissues such as heart and pigeon breast muscle homogenates, m- 
capable of s}Tithesizing arginme per se, it w'as believed that the residue 
contamed the system for the transport of hydrogen In addition, the 
necessity for C}’tochiome c, present m bound form m the residue, has been 
shown Smce the supernatant from hver is not replaceable by that from 
other tissues, wath the exception of kidney, it is beheved to contam the 
enzyme catalyzmg the synthesis Evidence that this enzyme is present 
m solution has been obtamed m experiments m which a supernatant, pre- 
pared b} centnfugmg a rabbit hver homogenate at 40,000^ for 2 hours, 
was found to be active 

Pumarate was mcluded m the mcubation medium, smce it was found to 
stimulate the synthesis some 25 per cent Oxalacetate was equally effec- 
tive The function of these oxidizable substrates may be associated w ith 
the regeneration of ATP 

While Step I w’as shown, to be sensitive to potassium ions (3), this is not 
the case wath Step II m which sodium or potassium ions were equally 
effective 

Cytochrome c — ^The r61e of cytochrome c in the transimmation reaction 
was first suggested by Borsook and Dubnoff (6) Our early studies ■with 
whole hver homogenate showed its effect to be mconstant (1) The pres- 
ent resolution of homogenate mto twn parts has now made a study of this 
question possible Potter (7) observed that the dissipation of C}’tochrome 
c took place to a greater extent w'hen water instead of sahne was used to 
homogenize liver An experiment w as devised whereby the sediment from 
a centrifugation w as taken up m water, stored foi 10 mmutes, and restored 
to isotomcity This residue plus the supernatant was pipetted mto flasks 
contammg mciements of cytochrome c Fig 1 illustrates the results of 
this experiment The optimum cytochrome c concentration was about 
3 X 10~^ II A control earned out at the same tune wath normally pre- 
pared residue, wath no added cytochrome c, gave a value of 70 3 micro- 
liters This w ould mdicate that the normal concentration of cytochrome 
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c bound in the lesidue is of the older of 1 6 X 10~® m Supplementation 
of the supernatant mth c 3 ’-tochrome c showed no sjuithesis of aigmine fiom 
citrulhne 


Synthes^i^ of Citnilhne fi om Oimthme (Slop I) 

Differential Centnfvgaiion — ^The actmty of the system catalyzing this 
reaction lemains in the sediment on centiifugation Table I shows the 
relative activities of vhole homogenate, legeneiated homogenate, and the 
residue Although the total jueld of citiullme obtained mth the lesidiie 



Fia 1 Effect of cytocliromc c on the formation of arginine by natcr-tieatecl ho- 
mogenate rcsuhie Final substrate concentrations, DL-citrulline 0 0033 lu, L-glutainic 
ncid 0 0060 m, ATP 0 001 lu, fumarate 0 0066 M, phosphate at pH 7 5, 0 017 jr, magne 
Slum ions 0 0033 m, and potassium ions to bring tlie medium to isotonicity Gas 
phase, O; 20 per cent KOH in tlie center nells Since the preparation contained 
arginase, arginine vas measured as urea 

vas low, it w IS 21 pel cent moic active than wliole homogenate on the 
basis of nig of N The addition of boiled supernatant mci cased the ovei- 
all jicld, but not the yield pet mg of N Additional supplementation of 
the medium with magnesium ions and adenine nucleotides mci eased the 
rate of S 3 nthesis as much as 460 pci cent at 0 003 m AMP-ATP 
The stability of the enzyme system to lepeated w'ashmgs was investi- 
gated (Table II) Tlie highest actniti” pei mg of icsiduc N was attained 
with the fust Aiashmg ReMdue washed two and thiee times was still 
somewhat moic actne than the non-waslied picpiiation Fiuthcr wash- 
ing'' resulted m considerable loss of aetnitv, thus aftei si\ washings, the 
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TAnLi. 1 

Acliitty of Homogenate Fractions in Steps I and II 
Final substrate concentrations for Step I, DL-ornithine hydrochloride 0 0033 m, 
L glutamic acid 0 033 m, ammonium ions 0 0067 st, AMP 0 0005 m, ATP 0 0005 m, 
phosphate at pH 7 15, 0 017 m, bicarbonate ions 0 0077 M, and potassium ions to bring 
the medium to isotonicitj The supplement for whole homogenate contained no 
magnesium ions, the supplement for the residue contained 0 01 it magnesium ions 
Gas phase, 5 per cent CO 95 per cent O. Step II, vl citrulline 0 0033 it, L-glutamic 
acid 0 0066 it, 4TP 0 001 it, fumarate 0 0066 ir, phosphate at pH 7 5, 0 017 it, magne- 
sium ions 0 0033 it, and potassium ions to bring the medium to isotomcity Gas 
phase, 0. 20 per cent KOH in the center w ells 


1 

Per cent a 
mg 

Step 1 

ctivity per 
: N 

Step n 

MTiole homogenate (0 time) 


100 0 

“ “ (30 min storage) 

74 0 

96 0 

Residue + supernatant (30 min manipulation time) 

72 3 

94 5 

“ -p supplement optimum for whole homogenate 

123 8 

2 4 

“ -p boiled supernatant 

157 2 

4 7 

“ -p supplement optimum for residue 

201 1 


Supernatant -p supplement optimum for whole homogenate 

1 0 

1 2 

“ -P heart muscle homogenate 


65 6 

“ -p pigeon breast muscle homogenate 


45 0 


Table II 

Effect of Repealed Washings on Residue 

Final substrate concentrations, dl ormthine hydrochloride 0 0033 ii, L-glutamic 
acid 0 033 if, ammonium ions, 0 0067 m, AMP 0 0005 ii, ATP 0 0005 ii, phosphate at 
pH 7 15, 0 017 If, bicarbonate ions 0 0077 m, magnesium ions 0 01 m, and potassium 
ions to bring the medium to isotomcity Gas phase, 5 per cent CO. 95 per cent 
0 Each w ashing resulted in the loss of about 10 per cent residue FT 


No of residue washings 

Per cent actiMty remaining per mg residue N 

0 

100 0 

1 

116 4 

2 

107 4 

3 

105 0 

4 

60 2 

5 

56 6 

6 

17 5 


activity u as 17 5 per cent that of the ongmal The addition of vacuum- 
concentrated washings and an extract of boiled fresh homogenate (8) did not 
reactivate the residue Fortification with cytochrome c, biotm, glut- 
athione, coenzyme I, coenzyme II, pyiidoxal phosphate, pyndoxme, pyn- 
doxamine, and thiamme pyrophosphate was also without effect 
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Requirement of Magnesium Ion — In pievious noik with whole homo- 
genate (3), magnesium ions A\eie eliminated purposelj’" to pi event the con- 
version into argmme and iiiea of the citrullme s 3 'Tithesized With a lack 
of magnesium ions the optimum jueld obtained was 40 to 50 miciohteis of 
citrullme pei mg of whole homogenate N In the newly devised sj'stem 
the addition of magnesium ions inci eased the jueld 400 per cent, the opti- 
mum concentiation being 9 X 10“^ M (Fig 2) It is uncertain vhcthci 
this effect is due to the function of the ATP legeneiating system, oi diiectb 
associated w ith the sjmthesis itself Manganese ions y eic y ithout effect 
Rrqiniemrnt of ATP and AMP — Fig 3 illustrates the lequiiements of 
the wliole homogenate and lesiduc sj-^stems foi ATP and AMP With 
ivliolc homogenate AhlP is at least tince as efficient as ATP With resi- 



Fig 2 Effect of magnesium ion concentration on the formation of citrullme by 
homogenate residue Final substrate concentrations, DL-ornitliine hydrochloride 
0 0033 M, I glutamic acid 0 033 sr, ammonium ions 0 00G7 M, AMP 0 0005 M, ATP 
0 0005 M, phosphate at pll 7 15, 0 017 m, bicarbonate ions 0 0077 m, and potassium 
ions to bring the medium to isotonicitj Gas phase, 5 per cent CO>-95 per cent Ot 

due A3’P and AMP are almost equally good, and considciablj'’ moie effi- 
cient pel unit concentiation The jueld of citrullme at the 6 micromole 
level (0 02 m) y as at least 3 times that shoyn yith the whole homogenate 
sj stem 4'licse effect-) might be explained on the basis of the requirements 
of conipctitne leactions in the case of yhole homogenate no longei en- 
counteicd in the y ashed lesidue piepauitions, or on the basis of the piesencc 
of an optimum magnesium ion concentiation Numeious exTeiunents de- 
vised to detcimmc the specificity of the sj'stem foi eithei ATP or AMP 
yerc unsuccessful WHulo high juelds of citnilhne could bo obtained with 
high conccntIatlon^ of these reagents, the final molaiity of 0 001 m (AMP 
0 0005 m + VTP 0 0005 m) used thioughout the study yas chosen for 
reason-' of cconomi 

Effect of Incuhation Tunc — In a previous study (3) an unexplained cessa- 
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tion of s^Tithesis ^^as noted after 45 minutes of incubation (Fig 4) In- 
^estlgatlon of tins effect Mitli lesidue showed no stoppage at this time, 
but instead i lineai leaction c\tending beyond 120 minutes in a sjstem 
containing 3 micromoles of AjMP-.VI’P With 9 micromoles of AMP-ATP 
present, synthesis proceeded \en lapidh’’, the j leld being moie than twice 
that obtained \nth 3 micromoles 

Effect of Tissue Nitrogen — ^.Vn evaluation of the effect of lesidue concen- 
ti ation on the sjn thesis v as made (Fig 5) With inci easing concentrations 



g residue 

■ WHOLE HOMOGENATE 

Fig 3 Effect of increasing concentrations of AMP, ATP, or both on the formation 
of eitrulline by whole homogenate and residue Final substrate concentrations, no 
ornithine hydrochlonde 0 0033 sr, l glutamic acid 0 033 m, ammomum ions 0 0067 sr, 
phosphate at pH 7 15, 0 017 ii, bicarbonate ions 0 0077 m, and potassium ions to bring 
the medium to isotomcity For e\perunents with residue, 0 01 m magnesium ions 
were added Gas phase, 6 per cent CO -95 per cent O 

of tissue the theoretical amoimt of citmllme was almost realized, m con- 
trast to the results obtamed with w'hole homogenate in w'hich higher tissue 
concentrations stimulated the removal of citiullme In the presence of 
9 micromoles of AMP-ATP, the mitial late of s 3 Ti thesis was somewhat 
higher than in the case of 3 miciomoles Synthesis wath the higher quan- 
tity, howevei, abruptly stopped short of theoretical at higher tissue con- 
centrations The reason foi this is not apparent It is possible that the 
liighei concentrations of ATP are hj’^diolyzed wath such rapiditj' as to 
low er the pH of this sj stem 
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Q RESIDUE 

• WHOLE HOMOGENATE 

Fig 4 Effect of incubation tune on the formation of citrulline by whole homog* 
enate and residue Pinal substrate concentrations for nhole homogenate, dl- 
ornithine hydrochloride 0 0033 m, L-glutamic acid 0 033 m, ammonium ions 0 0067 M, 
AMP 0 001 M, phosphate at pH 7 16, 0 017 m, bicarbonate ions 0 0077 m, and potassium 
ions to bring the medium to isotonicitj Final substrate concentration for residue 
same as above e\cept for AMP 0 0005 to 0 0015 m, ATP 0 0005 to 0 0015 m, and magno 
Bium ions 0 01 ju Gas phase, 5 per cent C02-95 per cent Os 



Fig 5 Effect of tissue concentration on the formation of citrulline by honiogonato 
residue Final substrate concentrations, DL-ornitlune hydrochloride 0 0033 m, l- 
glutanuc acid 0 033 m, ammonium ions 0 00G7 u, AMP 0 0005 to 0 0015 m, ATP 0 0005 
to 0 0015 M, magnesium ions 0 01 phosphate at pll 7 15, 0 017 m, bicarbonate ions 
0 0077 M, and potassium ions to bring the medium to isotonicit}’’ Gas phase, 6 per 
cent CO. 95 per cent 0* 
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Requirement of Oxygen and Carbon Dioxide — ^AlMP and ATP at high con- 
centrations were incapable of supporting the s 3 Tithesis of citrullme m an 
anaerobic atmosphere 

Bach (9) found that formic acid could replace bicarbonate as the source 
of the urea carbonyl in w ork with tissue slices This observation has now 
been confirmed wath homogenates It also appears that higher concen- 
trations of formic acid can replace both bicarbonate and carbon diovide 

DISCUSSION 

It IS now e\adent that the three steps of the Krebs-Henseleit urea C 3 ’’cle 
are not as closely related structural^ m the whole cell as might be sup- 
posed Step I, the endergomc conveision of ornithine to citrullme, and 
Step in, the hydrol 3 ’'sis of argmme to urea and ormthine, appear to be 
functions associated with the nuclear matter of the liver cell (10) Step II, 
the conversion of citrullme to argmme, also endergomc, appears to be a 
tw o-step reaction dependmg on a soluble cellular component, the specific 
s 3 'nthesizmg enzyme, as well as the insoluble nuclear residue contammg a 
h 3 ’’drogen transport system The latter separation enabled the demonstra- 
tion of the r61e of cytochrome c m the S3'nthesis of argmme I\Tule such 
a requirement has not as yet been shown for Step I, the possibiJit 3 ’’ can- 
not be excluded m view of the mhibition of synthesis at low concentrations 
of cyamde 

A study of the over-all urea C 3 ’'cle with whole homogenate resulted m 
values never equalmg those obtamed with liver shoes A few of the factors 
known to account for the lower magmtude of homogenate results were (1) 
pH (pH 7 3, mtennediate betw een the optimum pH of the two endergomc 
reactions (Fig 6), was used m these studies), (2) the inhibition of the syn- 
thesis of argmme by ammomum ions (2) reqmred for the synthesis of citrul- 
lme, and (3) the presence of 10 to 20 times the optimum concentration of 
glutamic acid required for Step II 

The greater effectiveness of AMP over ATP m previous work on the 
conversion of ormthme to citrullme (3) had led us to beheve that the energ 3 ’-- 
couplmg mechanism for that synthesis did not involve ATP This pomt 
IS no longer certain The present w ork has shown that the s 3 nthesis can 
be accomplished almost equally efficiently with either A]\IP or ATP The 
simple assumption that ATP is active b 3 ’' lurtue of its h 3 "drolysis to AMP 
IS shadowed by the apparent requirement of the S 3 ’^stem for morganic phos- 
phate and the stimulation of actmty b 3 magnesium and fluoride ions On 
the other hand, it is equally difficult to assume that the resynthesis of 
ATP occurs at this rapid pace The third obnous possibility is that neither 
IS mvolved as such Clarification of this question must await further study 
It IS highly probable that the conversion of ormthme to citrullme is at 
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least a two-step leaction (11) The centiifugation pioceduie utilized lieie 
did not, llowe^el, oftei any evidence foi the e\istence of moie than one 
enzymatic system Tins may oi ma}’- not moan that the synthetic steps 
must of necessitj occui simultaneously It is, howevei, evident that the 
difteientiation of these steps is lequisite toi the solution of the AMP- ATP 
and glutamic acid pictuies 



pH 


Fig G Eflccl of jjH on Steps I and II of the uiea cycle Final substrate concen 
trations Step /, DL-ornithine hydiochloride 0 0033 si, L-glutainic acid 0 033 M, am- 
nioniuin ions 0 00G7 m, AMP 0 001 m, phosphate at pH 7 15, 0 017 m, bicarbonate ions 
0 0077 M, and potassium ions to bring the medium to isotonicitj Gas phase, 5 per 
cent CO:-95 per cent O; Whole homogenate N pei flask, 2 S mg Step II, nn-citrul- 
hne 0 0033 v, l glutamic acid 0 OOGG m, ATP 0 001 m, fum irate 0 OOGG m, phosphate 
at Jill 7 5, 0 017 M, magnesium ions 0 0033 m, and potassium ions to bung the medium 
to isolonicitj Gas phase, 0 20 per cent KOH in the tenter w ells Tissue N pei 

flask, 1 47 mg bince the preparation contained aiginasc, arginine was measured as 
urea 

An nlteinatn e hypothesis mvoh mg a ‘glutamine cycle” foi the sjmthe- 
sisof uica h IS been pioposed by Lcuthaidt and Glasson ('12-11) Since no 
datti othei (Inn (hose obtained with the use of hvei slices weic available, 
a few expeumenls with tissue homogenates weio earned out All attempts 
to demonstiate the sMithcsis of uiea fiom glutamine weie unsuccessful 

SL MM\ia 

1 I'uithei studies m the synthesis ot aigimne fiom citnilline, and citnil- 
hne fiom oinilhine, h ive been caiiicd out with tissue homogenate fi iclions 
obtained In differential centrifugation 
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2 The cn75 me sj stem cntnly?ing the citiulhne-aigimne reaction has been 
lesohccl into tiio paits, a soluble S3nthesizmg enzyme fiaction and an 
insoluble hydrogen transpoit fiaction ^^hlch appears to include the cyto- 
chrome S3 stem 

3 The enz3Tnc S3 stem catal3’’zmg the ornithine-citi-ulhne reaction is asso- 
ciated M ith the insoluble residue of the livci cell Supplementation of the 
residue m ith magnesium 10ns in addition to the lequiiements piesciibed for 
the hole homogenate si stem is necessai3’- foi optimum activity Both 
AMP md VTP aic almost equalB effectiie iiith lesidue 

4 The signitu incc of these hndings in 1 elation to the Ki ebs-Henseleit 
urea ci cle is discussed 
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THE IN ATTRO EFFECT OF TOCOPHEROL PHOSPHATE OK 
THE RESPIRiATION OF MUSCLE FROIM NORMAL 
AND DYSTROPHIC RABBITS* 

Bt J P nUMMELt A'lD DANIEL H BASINSKIJ 
(From the Biochemical Laboratory, State Umiernty of Iowa, Iowa City) 

(Received for publication, October 9, 1947) 

The observation of Houchm (1) that a-tocopheiol phosphate lestoies to 
normal the excessive in vtlio oxygen consumption of muscle of animals 
made dj’^strophic by lack of a-tocopheiol was the fiist experimental eii- 
dence that this vitamm plays a direct r61e m cellular respiration Because 
of the peculiar susceptibihty of muscle cells to shreddmg m the preparation 
of tissue slices, the procedure that he employed is open to cnticism Con- 
firmation of this claim was therefore attempted by the use of muscle slices 
and the less objectionable muscle strips from normal and dystrophic rabbits 
In our hands, the oxygen uptake of dystrophic muscle stnps was greatly m 
excess of that of normal stnps, ivhereas with muscle slices there was only a 
shght difference, also m neither case could an in viiro mfluence of tocopherol 
phosphate on cellular respiration be established 

EXPEMMENTAIi 

Rabbits weighmg 500 to 1000 gm vere placed on the dystrophy-pro- 
duemg diet used m previous studies (1) Symptoms of muscular dystrophy 
became apparent withm 2 to 3 weeks The animals were used for studj’’ 
when they were unable to nght themselves after bemg placed on their sides 
Control rabbits were mamtamed on the same diet, and were given, orally, 
15 mg of a-tocopherol acetate^ m ohve oil every 4 days 

The rabbits vere anesthetized with pentobarbital sodium (35 mg per 
kilo of body n eight) given by margmal ear vem The semitendmosus and 
medial portions of the rectus femons were rapidly excised and placed m 
cold Krebs-Rmger-phosphate solution * 

* Aided by a grant from the John and Mary R Markle Foundation 

t Present address, Wenner-Grens Institute, Umversity of Stockholm, Stockholm, 
Sweden 

t Present address, Research Laboratory, Children’s Fund of Michigan, Detroit, 
Michigan 

* Kindly supplied by Hoffmann-La Roche, Inc , Nutley, New Jersej 

’ Prepared by mixing in the cold 0 154 m sodium chloride 100 parts, 0 154 xr p'otas 
Slum chloride 4, 0 11 it calcium chloride 3, 0 154 it magnesium sulfate 1, 0 1 it sodium 
phosphate buffer (pH 7 4) 1 , and 10 per cent glucose 10, and aerating with 0 x 3 gen gas 
for 10 minutes 
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With comeal scissois, muscle stiips approximately 1 mm m diameter and 
3 to 4 cm m length weie piepaied fiom the chilled semitendinosiis by the 
pioceduie of Richaidson, Shoii, and Loebel (2) Muscle slices ueie pio- 
pared fiom the lectus femoiis in the same maimer as that followed by 
Houchin Micioscopic exammation shoued that both muscles aie equally 
susceptible to the degeneiative piocesses Tlie stiips and slices thus pie- 
paied u ere kept in chilled ICiebs-Rmgei -phosphate solution until use The 
time elapsing betueen the biops 3 '^ and the beginning of the equilibiation 
peiiod nevei exceeded 45 minutes 

Selected stiips (foui oi five) and slices (one oi tuo) weighing 200 to 250 
mg were blotted with filtei papei, quicklj'' weighed on a toision balance, 
and placed in ice-chilled Waibuig I'^essels contammg I{iebs-Ringei -phos- 
phate solution In ceitain expeiiments 1 mg of disodium dl-a-tocopherol 
phosphate^ was added With alkali in the centei w^ell, the flasks wcie con- 
nected to the manometcis and equihbiated to 37° foi 15 minutes while 
being flushed with o\ 5 ''gen Manometiic leadings iieie then taken at 15 
minute mteivals foi an hoiii Aftei each expeiiment, the tissue samples 
w'eic iinsed with distilled w'atei and diied to constant urnght at 110° 
Oxygen uptake is expressed as Qon * ^ > miciohteis of oxj’'gen consumed pci 
houi pel mg of tissue (diy weight) 

RESULTS AND DISCUSSION 

The respnation of muscle strips fiom dj^sti opine labbits was loughly 
double that of noimal stiips, as indicated in Table I The oxygen con- 
sumption was maintained at a lelatiielj’’ constant latc ovei the peiiod of an 
hoiii The huge standaid deviation of the dystiophic muscle stiips was 
expected, since the seveiitj’’ of the djstiophj varied fiom animal to animal 

The addition of a-tocopheiol pliosphate did not significantlj^ depiess the 
ox 3 ’-gen consumption of eithci noimal oi dvsti opine strips a-Tocopherol 
phosphate was leadily precipitated by the ionic calcium in the suspending 
medium Therefoie m several expeiiments calcium salts were omitted 
fiom the solution Eien m these cases, a-tocopherol phosphate exerted no 
effect on the oxigeii uptake of noimal oi dj’-sti opine muscle While this 
proccduie is ob\ loiisly open to ciiticism because of the vital lole of calcium 
ions in maintaining the functional integiit 3 ^ of the cell walls, the ox 3 ^gcn 
uptake was maintained at a constant late mei the time of racasuiement, 
indicating that cell dcstnictioii was not gieat 

Similar expeiiments wcie conducted with muscle slices fiom normal and 
d^stlophlc rabbits The oxvgcn consumption of muscle slices was uni- 
formh lowei than that of the coiiespondmg muscle strips, this was espe- 
cialh apparent m the c ise of distiophic muscle The explanation foi this 
loweicd lespiiation probabh'- lies in the greater clestniction attending the 
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preparation of muscle slices, and in the clifficultj’’ in obtaining slices of uni- 
form dimensions 

Again, as m the case of muscle stiips, the m vitro addition of tocopherol 
phosphate to slices had no significant influence on the oxygen consumption 
of normal and d^ stiophic slices The diffei cnees fall well mtliin the stand- 
ard deviation in each case 

These data, therefoie, do not confirm the observation that tocopherol 
phosphate m vitro restores to normal the oxygen consumption of dystrophic 


TABIiE I 


herage Oxygen Consumplton of Muscle Tissue from Normal and Dystrophic Rabbits 
and Effect of Tocopherol Phosphate 


1 

Condition j 

j 

>*o of 
animals 

Tocopherol 

phosphate 


Oo 

Interval of re- 

30 

iding, mm 

4S 

60 

Normal strips | 

11 

— 

1 

61 

1 

50 

1 

51 

1 

48 



(0 

63)» 

(0 

63) 

(0 

62) 

(0 

57) 



+ 

1 

69 

1 

62 

1 

59 

1 

54 




(0 

78) 

(0 

70) 

(0 

69) 

(0 

65) 

Dystrophic strips 

12 

- 

3 

35 

3 

49 

3 

39 

3 

35 




(1 

45) 

(1 

06) 

(1 

23) 

(1 

23) 



-1- 

3 

21 

3 

36 

3 

27 

3 

21 




(1 

39) 

(1 

30) 

(1 

17) 

(1 

25) 

Normal slices 

8 

— 

1 

33 

1 

32 

1 

19 

1 

20 




(0 

53) 

(0 

51) 

(0 

47) 

(0 

45) 



+ 

0 

97 

1 

04 

0 

97 

0 

95 




(0 

56) 

(0 

43) 

(0 

38) 

(0 

38) 

D 3 strophic slices 

10 

— 

1 

64 

1 

55 

1 

49 

1 

45 




(0 

68) 

(0 

65) 

(0 

71) 

(0 

71) 



-1- 

1 

53 

1 

64 

1 

54 

1 

47 




(0 

78) 

(0 

81) 

(0 

80) 

(0 

74) 


* Standard deviation 


muscle pi epai ations Out figures for the oxygen consumption of dystrophic 
muscle slices are much lowei than Houchin’s Pei haps the slice technique 
111 oui hands pioduced greater cell damage The failuie to observe any 
depression of oxygen uptake of muscle stops may be the lesult of the ina- 
bility of tocopherol phosphate to penetrate into the intact muscle cells 
The nature of the rapid and specific action of tocopherol in vivo in abol- 
ishing the creatmuna and excessive in vitro oxygen consumption of dys- 
trophic animals (3, 4) remams obscure Tocopherol phosphate does not 
appear to be directly concerned with the succmoxidase system (5) Until 
the altered metabolism of dj'strophic muscle is more clearly understood. 










420 


TOCOPHEROL. PHOSPHATE IN RESPIRATION 


furthei speculation about the physiological i 61 e of this vitamin is fnutless 
With this in mmd, the mvestigation lepoited in the following paper was 
imdei taken 


SUiMAlARy 

The oxygen consumption of skeletal muscle stiips fiom vitamm E-defi- 
cient dysti opine labbits was appioximatel}'' double that of muscle strips 
from 1101 mal labbits The oxygen consumption of muscle shces was much 
lowei than that of the coiiespondmg muscle stiips, especially m the case of 
dystrophic muscle 

In contiast to pievious lepoits fiom this laboratory, the addition of 
a-tocopherol phosphate %n vitio had no significant effect on the lespiration 
of muscle stiips oi shces, eithei fiom normal or dysti ophic animals 
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OXIDATIVE PHOSPHORYLATION PROCESSES IN 
NUTRITIONAL ^.IUSCUL\R DYSTROPHA"'" 


By J P HUMiMELt 

{From the Biochemical Laboratory, State Uniiersity of Iowa, Iowa City) 

(Received for publication, October 9, 1947) 

Nutntional musculai dystropli}’’ is chaiacterized bj a pionounced loss of 
contractile potter ttliicb appears to precede the degeneration of tbe muscle 
fibers (1) This paralysis may be due either to an impairment of the con- 
tractile mechanism as ctndenced bj’’ the disappearance of the cross stnations 
or to an impairment m energj’^ utihzation Smee the energy for muscle 
contraction is thought to be mobihzed by oxidative phosphorylation mecha- 
nisms, this study tt as undertaken to discover whether any such processes 
may be affected m dystrophy, specifically the phosphorjdation of creatme 
associated vith the oxidation of carbohydrate 
If the oxidation of a-gl 3 '’cerophosphate and fructose-1 , 6-diphosphate is 
assumed to proceed entirely through the so called Meyerhof-Embden- 
Pamas pathway (2) to pyruvic acid, the transfer of hydrogen from the 
substrate at each oxidative step ma 5 ’^ proceed either aerobically through 
the coenzyme I-flavm-cytochrome systems to molecular oxygen or an- 
aerobically by means of the coenzyme I-hnked dismutation with pyruvic 
acid to form lactic acid T\io energy-nch phosphate bonds, transferable 
to creatme through the adenylic system, would be formed per mole of 
tnose phosphate oxidized to pyruvic acid, but only one vould be formed 
under fluoride inhibition Phosphorylation was therefore studied by 
measurement of the phosphocieatme formed fiom creatme, and oxidation 
by the oxygen consumed and lactic acid formed 

EXPERIMENTAL 

Muscular dystrophy was produced m hamsters by the same procedure 
as previously desenbed (3) It was also produced m gumea pigs placed on 
the same diet, vnth the oral admmistration of 10 mg of ascorbic acid every 
other day In this species, d 3 ’'strophy became acute after about 5 weeks 
and was characterized by a very severe paralysis, loss m weight, and sudden 
death Control animals, maintamed on the same diet, nere given ascorbic 
acid as abo^ e and 15 mg of tocopherol acetate^ every 4 days No symp- 

* Aided by a grant from the John and Mary R Markle Foundation 

t Present address, Wenner-Grens Institute, Umversity of Stockholm, Stockholm, 
Siveden 

' Kindly supplied by HoRmann-La Roche, Inc 
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toms of the gumea pig "wrist-stiffness” described by van Wagtendoiik and 
Wulzen (4) vere observed 

The method of prepaimg distilled water homogenates of thigh muscle 
has been described (3) Each Wax bin g flask contained, besides the indi- 
cated substiatc m the side ann, the folio vnng m raiciomoles cieatmc 230, 
potassium chlonde 400, magnesium chloiide 20, mcotmamide 20, cocuzjTue I 
0 75, adenosme triphosphate 1 33, and sodium phosphate buffei (pH 7 4) 
10, and 100 mg of fiesh muscle (as 10 pei cent muscle homogenate) in a 
total volume of 3 0 ml The centei well contained 0 1 ml of 2 N sodium 
hydi oxide In the aeiobic expcimients, each flask also contained 8 X 10~® 
moles of cytochrome c m an au atmosphere In the anaeiobic expeiiments, 
each flask con tamed 10 miciomoles of lithium piTuvate" under a nitrogen 
atmospheie In cei tarn expeiiments, 5 micromoles of sodium fluoiide were 
added to mlubit the utilization of 2-phosphogl3’-ceiic acid 

Cytoclirome c was piepared accoidmg to the method of Keiliii and 
Hartiec (5), as modified bj'’ Pottei (6) Coenzj'^me I of about 40 pei cent 
puntj^ uas picpaied fiom staich-fiee bakeis’ jmasb by the method of 
Williamson and Green (7) The baiium salt of adenosme tiiphosphate 
(ATP) was piepaied b}'- the method of Needham (8), as modified by DuBois, 
Albaum, and Pottei (9) The pioduct was 91 pei cent puie, as measuied 
by 7 minute hj'di olj-sis All additions woie adjusted to pH 7 4 and em- 
plo5ed at concentiations optimum foi maximum phosphoijdation 

All incubations neie conducted at 37° Manometiic leadmgs iverc 
taken 20 minutes aftci the substiatc was tipped m fiom the side aim The 
flask contents ucic then quicklj^ chilled to 0° and depiotemized with tri- 
cliloio icetic acid, accoidmg to the pioccduie outlined by Pottei (10). The 
neutiahzcd filtiate was anal3’’zed foi phosphocieatme bj'' an adaptation (10) 
of the method of Fiskc and Subbaiow (11), and foi tiiose phosphate bj'’ 30 
minute hjdiolysis m 1 x sodium hydi oxide at 25°, followed by the usual 
coloiimetiic deteimination for inoiganic phosphate Lactic acid in the 
fiUiate was deteimmed by the pioceduie of Baikei and Summeison (12) 

'Phe data icpoited aic not changes obtamed by subtiactmg the values foi 
contiol flasks whicli lacked 011I3’ substiatc The}’" aie cxpiessed as micio- 
molos pel hoiii , except those foi oxygen consumption, which, in older to be 
on the bime b isis as lactic acid data, aie expiessed as micioatoms pei hoin 
In computing phosphocieatme to ox^'-gen latios (P to oxygen), tlic coiic- 
sponding anaeiobic phosphocieatme to lactic acid ratio (P to lactic) is 
assumed to preiail undci aeiobic conditions Tlieiefoie 

P n - ftor ) — (lactlCa.r) X ((P ) (lactic ana^r )) 

(OxSi^) 

- Gcncrousb furnished b} Dr R M Fcatherslono of the Department of Pharnin- 
coloci 
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llESULTS AND DISCUSSION 

With normal gnmea pig muscle and glyceiophosphate as substrate, as 
shoira m Table I, the addition of fluoiide reduced the foimation of lactic 
acid and phosphocreatme by about half, although the oxygen consumption 
was only shghtly dimimshed 

Tile P to oxygen ratio is (8 2 — 8 0 X 0 45)/6 0 or 0 77 in the absence of 
fluonde, and bj similar calculation it is 0 70 in the presence of fluoride 
According to theorj’’, the formei value is too small, duo piobably to the 
“leak” of energj’--rich bonds by ATPase action Undei anaeiobic con- 
ditions, howe^el, less than half a mole of phosphocreatme was formed pei 
mole of lactic acid, without fluonde, and even less m its presence The 

Table I 

Phosphorylation of Creatine from Oxidation of Glycerophosphate by 
Guinea Pig Muscle Homogenate* 


O'jygen uptake is expressed as microatoms per hour Lactic acid, phosphocreatme, 
and tnose phosphate are expressed as nucromoles per hour The ratios m the last 
two columns are explained in the text 


Condition 

Gu 

Fluonde 

1 

Oxygen 

uptake 

1 Lactic 
acid 
fonned 

Phospho- 

creatme 

fonned 

Ttiose 

pbosphate 

fonned 

P lactic 

P oxygen 

Normal (7 am- 

0, ' 


6 0 

8 0 

8 2 

0 6 

■ 

0 77 

raals) 

4 ( 

+ 

5 0 

2 8 

4 0 

0 6 

■■ 

0 70 


N, 

— 


22 3 


0 2 

■jiy 



i( 

+ 


12 3 

4 8 

0 1 



Dystrophic (8 

0 . 

- 

6 1 

3 3 

1 6 

1 3 


na 

ammals) 

it 

+ 

5 5 

0 5 


1 3 




Ns 

— 


15 0 

3 8 

0 8 

0 25 

nn 



+ 


13 4 

2 4 

0 G 

j 

0 18 

■ 


* Each flask contained the reaction mixtures described in the text, u ith 100 
nucromoles of sodium glycerophosphate (Eastman) as substrate 


further oxidation of pynivic acid may account m part foi the lack of agree- 
ment between the aerobic and anaerobic phosphorylation ratios In the 
presence of fluonde, however, this disparity demands a different explana- 
tion, m such cases, the phosphorylation efficiency may possibly depend upon 
the potential gradient through which the hydrogen transport system is 
operative (13) 

The differences between nonnal and dystrophic guinea pig muscle are 
striking In dystrophic muscle, the aerobic formation of lactic acid and 
phosphocieatme was very small, although the oxygen consumption w'as 
equal to that of normal muscle This is reflected m the sharp reduction of 
the P to oxygen latios m the case of dystrophic muscle Under anaerobic 


















424 


OXIDATIVB PHOStSORTI/ATtOU IN DYSTHOPHT 


conditions, lactic acid was less than in the normal, but the efficiency of oxi- 
clatne phosphate transfer nas markedly diminished, as judged by the 
much smallei P to lactic latio Addition of fluoride lowered this still fur- 
thei In all cases, the amounts of triose phosphate foimed were small, but 
the slight accumulation with dystiophic muscle may be significant 
Normal hamster muscle produced much less phosphocreatine than normal 
guinea pig muscle, although the oxygen consumption was very much 
greatei As seen in Table II, oxygen consumption and lactic acid and 
phosphocieatine formation vere all dmimished in dystrophic hamster 
muscle Addition of fluoiide lowered the phosphocieatine synthesis to 
almost zeio mthout notieeably affecting either the aerobic oi anaeiobic 


Table II 

Phosphorylation of Creatine from Oxidation of Glycerophosphate 
by Hamster Muscle Homogenates* 


Condition 

Gis 

Fluoride 

1 

O-rygen 

uptake 

Lactic 

ncid 

formed 

Phospho- 

crcatine 

formed 

Tnose 

phosphate 

formed 

P lactic 

P 01} gen 

Normal (C am- 

0, 


14 4 

4 3 

2 2 

1 6 


m 

mals) 

it 

-b 

13 8 

2 0 

1 2 

2 0 




N, 

— 


18 4 

4 5 

0 4 

0 24 




+ 


16 9 

2 6 

0 6 

0 16 


Di'stropbic (5 

0- 

— 

7 9 

3 4 

1 4 

2 3 


0 11 

animals) 

» 

+ 

7 7 

0 9 

0 4 

2 2 




Nj 

1 

~ 1 


6 9 

1 0 

0 4 

0 15 




+ 


6 4 

0 6 

0 9 

0 09 

1 



* Each flask contained the reaction mixture described m the text, with 100 micro- 
moles of sodium glj cerophosphate as substrate The data are expressed in the same 
terms as those used in Table I 


oxidations As v ith gumea pig muscle, tnose phosphate values ivere small, 
but there appealed to bo a slight accumulation ivith dystrophic muscle 
The oxidation of fructose-l,6-diphosphate presents a somewhat different 
pictuie With gumea pig muscle, as shoun m Table III, fluonde inhibited 
the formation of lactic acid and phosphocieatine undei aeiobic and anaei- 
obic conditions mth both noimal and dimti opine muscle, but stimulated the 
oxygen uptake, piobably by preventing the foimation of pyruvate which 
would act as a hjdrogen acceptoi A disparity between the aerobic and 
anaeiobic phosplioi'jlation, similar to that seen with glycerophosphate oxi- 
dation, also exists with noimal finctose-l , 6-diphosphate oxidation 
The differences between normal and dystiophic gumea pig muscle were 
not as great with fnictose-1 ,6-diphosphate as with glycerophosphate as 
substrate Under aerobic conditions, lactic acid and phosphocreatine were 
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somewhat diminished m dystrophy, but oxygen uptake i\ as unaltered A 
companson of the P to oxygen ratios, however, show s that dj'strophy sig- 


Tablb III 

Phosphorylation of Creatine from Oxidation of Fructose-1 ,6-diphosphatc by Guinea 

Pig Muscle Homogenate* 


CoDdltlOD 

Gas 

Fluondc 

Orypen 
! uptake 

Lactic 

acid 

formed 

Phospho- 

creatme 

formed 

Tnosc 

phosphate 

formed 

P lactic 

P oxjgen 

Kormal (0 am- 

0, 


2 2 

32 5 

14 9 

14 0 


2 IS 

mals) 

(C 


3 2 

11 5 

9 3 

14 4 


1 81 


N, 

— 


42 6 

13 2 

12 7 




<C 



26 4 

7 8 

14 5 



Dystrophic (5 

mSlM 

— 

2 6 

24 4 

12 2 

20 1 


0 48 

ammals) 

iHH 

+ 

3 6 

7 6 

6 8 

20 3 


1 00 



— 


34 9 

15 6 

17 3 

na 



■■ 



26 2 

7 7 1 

20 1 

m 



* Each flask contained the reaction mixture described in the text, with 30 micro- 
moles of fructoBe-1,6 diphosphate (Schwartz) as substrate The data are expressed 
m the same terms as those used in Table I 


Table IV 

Phosphorylation of Creatine from Oxidation of Fructose-1 ,6-diphosphate 
by Hamster Muscle Homogenate* 


Condition 

Gas 

Fluoride 

Oxygen 

uptake 

1 

Lactic 

acid 

formed 

Phospho- 

creatine 

formed 

Tnose | 
phosphate, 
formed 

P lactic 

P oxjgen 

Normal (5 am- 

0- 



9 5 

44 7 

4 8 

mm 

■1 

0 08 

mals) 


+ 

12 2 

8 0 

5 3 


■1 

0 04 


N, 

— 


71 8 

6 8 

10 7 




(( 

+ 


33 3 

3 1 

14 9 

iH 


Dystrophic (6 

0, 

— 

2 6 

11 7 

3 0 

22 1 



animals 

if 

+ 

4 0 

7 8 

1 4 

21 6 




N- 

— 


29 2 

5 3 

19 3 

0 18 

nn 


(1 



24 2 ! 

3 7 

21 0 

0 15 

■ 


* Each flask contained the reaction mixture described in the text, uith 30 micro- 
moles of fructose-1,6 diphosphate as substrate The data are expressed in the same 
terms as those used in Table I 


nificantly reduced the aerobic phosphorylation efficiency Under anaero- 
bic conditions, the P to Jactic ratios w^ere m no v aj’' dunmished in dj’^strophy 
The oxidation of fructose-1, 6-diphosphate by hamster muscle, as shoivn 
m Table TV, was similar to that by giunea pig muscle, except that oxygen 
consumption, lactic acid, and phosphocreatine nere all dimmished m 
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dj^sUophy, with the lesult that changes occui in the phosphoiylatioii effi- 
ciencies which aie difficult to evaluate Undci anaciobic conditions, the 
formation of lactic acid by dysti opine muscle was very much smaller, 
although suipiisingly the phosphocreatme foimation was not gicatly diffei- 
ent from the normal 

Since, mth dysti opine gumea pig muscle, neithei the oxygen uptake nor 
the anaeiobic foimation of lactic acid was gieatly alteied fropi the noimal, 
it follows that the oxidations to the 1 ,3-diphosphoglj''ceiic acid step are 
piobably not iinpaiied m dysti ophy In the case of glycerophosphate, 
houevei, the subsequent phosphoiylation steps do appeal to be impeded, 
the evidence being the loweied phosphocieatme foimation, and, m the 
aeiobic oxidation without fluoiide, the loweied lactic acid formation This 
lactic acid could come only from the pyruvic acid pioduced If the slightly 
increased tiiose phosphate values have significance, this is additional ew- 
dence of such a baniei 

Distuibances in phosphorjdation may be general in the oxidative metab- 
olism of dysti opine muscle Lu ct al (14) found that the ability of dys- 
ti ophic muscle to phosphoijdate glycogen was i educed by half Boyei 
(15) sinnlaily found that dystiophic muscle lost the ability to deiive phos- 
phate bond encigj’’ fiom the oxidation of certain members of the tiicai- 
boxyhe acid cycle His data indicated that theie was no impaiiTnent in 
the transfei of eneig 3 Mich phosphate bonds fiom enol-phosphopyi uvic acid 
to cicatme in dysti ophy 

The diffeiences betueen the phosphoiylation efficiencies of fiuctose-l,G- 
diphosphatc and gh'^cci ophosphate are not explained if both are oxidized 
b^ the same pathway m tlic gumea pig The leason foi the differences m 
then oxidation is moic appaient, 1 mole of fiiictose-1 ,6-diphosphate yields 
2 moles of pyiuvic acid, 1 mole of glycei ophosphate juelds only 1 mole of 
p-\ 1 uvic acid Thci cfoi e, if pi imed by a vciy small amount of pyruvic acid, 
the anaciobic oxidation of fructose-1 ,6-diphosphate may theoretically pro- 
ceed entiiely to lactic acid, according to the well knoivn mechanism for 
anaei obic glj cob'sis Since, lion evei , glycei ophosphate requii es two dehy- 
diogcnation steps, at least half of the oxidation must pioceed aeiobically 
unless an excess of pyiuvic acid is aheady piesent Thus the greater tend- 
01111 of fructObc-l,6-diphosphatc oxidation to proceed anaeiobicallj'^ may 
be cxiilaiiicd 

The laigc accumulation of tiiose phosphate with fiuctose-l,6-diphos- 
])hate as substrate piobably icsults fiom the high activity of muscle aldolase 
(IG) Tlic gieatly mcicased tiiose phosphate values with dysti ophy may 
be due eithei to a baiiiei in the sjstcm oi to an incieased aldolase activity 
With glycei ophosph itc, tiiose phosphate foimation is limited b 3 ' the late 
of the initial oxidation step and thus accumulates m small amounts 
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Dj stropliy in hamsters impeded both oxidation and phosphorylation m 
the utilization of either substrate , oxygen uptake, lactic acid, and phospho- 
creatine formation w ere all diminished 
Tliese alterations Mould seem to be an mdiiect oi subsidiary effect of the 
antaminosis because the in vilro addition of a-tocopherol phosphate did not 
restore normal activity to dj'strophic muscle homogenates Fuitheimore, 
m severeh d-^sti opine labbit muscle, a similar impairment in oxidative 
phosphorj lation could not be demonstrated It w ould seem that the action 
of tocopherol in vivo is mediated through as yet unrecognized agencies which 
are lost i n vitro, and m hicli may vary from species to species These species 
differences make it difficult to generalize about the metabolic disturbances 
encormtered m nutntional muscular dystrophy 

Table V 


AdenosinctnphosphaCase AettuCy of Normal and Dystrophic Hamster and Guinea 

Pig Muscle* 


Animal 

Ca-^ 

1 

Normal 

Dystrophic 

Hamster 


13 2 

8 5 


-f- 

21 6 

14 7 

Guinea pig 

- 

12 8 

7 6 


+ 

16 1 

11 0 


* Expressed as 7 of P split from ATP per mg of tissue (wet w eight) in 15 minutes 
at 37°, pH 7 4, corrected for phosphate content of the tissue and for non enzymatic 
ATP hydrolysis 


Fmally, m a companson of normal and dystrophic muscle, it must be 
emphasized that there is a smaller active mass of muscle as the result of 
necrosis and fibrotic infiltration which may, m part, explam the lowered 
enzymatic activity m advanced dystrophy Theie was a fair parallelism 
between the lowmed oxidative phosphorylation and the muscle degenera- 
tion observed histologically m sections of the same muscle ^ 

As possible mdices of cellular destruction, assays of ATPase activity 
(adenylpjTTophosphatase (17)) accordmg to the micromethod of DuBois 
and Potter (18) weie earned out m triphcate on the same tissue homogen- 
ates as were used m the phosphoijdation experiments Although the 
method may proi ide only an approximation, an appreciable destniction of 
ATPase had taken place in dystrophic muscle, as shoivn m Table V 
The activation of ATPase by the high calcium content of dystrophic 
muscle has been suggested by Morguhs and Jacobi (19) as a cause for the 
high respiration through the destruction of ATP and the accompanying 

’ Sections were made by the Department of Pathology 
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mciease m inorganic phosphate In our hands, 0 003 M calcium chloride, 
sufficient to give complete activation, stimulated the ATPase of normal 
and dysti ophic muscle to the same extent The extra calcium of dystrophic 
muscle IS probably un-iomzed and incapable of stimulatmg ATPase Since 
ATPase is believed to be mtimately associated mth m 3 ''osm (20), dysti ophy 
appears to mvolve an alteiation of the contiactile stractuie of the muscle 
as veil as an impaiiment m the utihzation of eneigy for con ti action 

The author giatefully acknowledges the helpful cnticisms of H A Mattill 
and G Ixalnitsky 


SUMMARY 

The phosphoiylatioii of cieatme by noimal and dystrophic hamster and 
gumea pig muscle homogenates vas studied m the aerobic and anaerobic 
oxidation of gbrneiopliosphate and fmctose-1 ,6-diphosphate in the presence 
of the necessaiy knoun cofactois 

With glycerophosphate as substrate, the aerobic and anaerobic oxidation 
late by djmtrophic gumea pig muscle was little diffeient fiom the normal, 
but the coupled phosphorylation of cieatme was gieatlj’’ diminished With 
fructose-1 ,6-diphosphate, the effects of dystrophy were similar but less 
maikcd Dysti ophy appeared to affect the aerobic phosphorylation more 
than the anaeiobic 

In dysti ophic hamster muscle homogenates, both oxidation and phos- 
phorylation processes were impeded 

These alterations appear to be mdirect effects of the vitamm E deficiency, 
but may partially explain the associated paralysis 
Dystrophy m hamsters and gumea pigs markedly lowers the muscle 
adenosmetiiphosphatase activity and is mteipieted to mean that the con- 
tiactile stnictuie m dystrophic muscle is also unpaired 
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^lOLYBDENUM IN THE NUTRITION OF THE RAT* 

B\ J B NEILAIsDS, F M STRONG, and C A EL\T]HJEM 

[From the Department of Brochctmstnj, College of Agriculture, University of Wiscon- 
sin, Madison) 

(Received for publication, October 24, 1947) 

Some years ago a grou]D of experimentalists (1-3) observed that tbe 
scounng of cattle on the so called "teart” pastures of England could be 
traced to the high molybdenum content of the soil and herbage Feeding 
molybdenum salts reproduced the sjTnptoms Subsequently it v as found 
that feeding copper suKate as a drench prevented or cured the condition 
Appaiently a similar high molybdenum ama is present in Cahforma (4) 
In Austraha, further evidence of the role of copper m molybdenosis vras 
discovered (5) Molybdenum fed to sheep and cattle caused loss of hver 
copper even when the coppei intake in the diet was inci eased 
Recentlj' several other interesting interactions between nutntional 
elements have appeared Thus it was found (6) that copper mil counter- 
act the anemia caused bj’’ feeding zinc to rats It is also claimed (7) that 
arsemc and manganese fed in addition to iron and copper salts mil allon 
greater hemoglobin production in rats on a imlk diet than when only iron 
and copper are added as the mineral supplement It is clear from these 
studies that the toxicity, deficiency, metabohsm, etc , of one element, at 
least in herbivorous ammals, may be profoundly influenced by the levels of 
certain of the other elements of the diet 
Molybdenum has been found capable of combimng mth catechol m a 
1 2 molar latio (8) It vas shonn that such a combination reduced the 
toxicity of catechol for bacteria, thus allomng proliferation of the micro- 
orgamsms in an othennse toxic concentration of catechol It nas sug- 
gested that these reactions could account for the diarrhea seen in cattle 
suffenng from molybdenosis 

This paper shows that molybdenum in the form of sodium molybdate 
letards the grov th of rats on a purified ration The molybdenum toxicitj’’ 
can be overcome by feeding larger amounts of coppei as copper sulfate or 
by the incorporation into the diet of 5 per cent whole hver substance but 
not bj"^ feeding higher levels of iron, zinc, or cobalt In another experiment 
the fate of a given dose of molybdenum (labeled mth radioactive Mo^) 
when fed eithei alone or with copper or catechol was investigated 

* Published wath the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station Supported in part by a grant from the National Canners Asso- 
ciation, Can Manufacturers’ Institute The authors are indebted to R H Burns 
for assistance in the radioactivity determinations 
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EXPERIAtENTAL 

In a piehnunary expeiimenl a number of 21 day-old, male, white Sprague 
Dawley lats ^^ele placed on the followng puiified ration alcohol-extracted 
casein 18 per cent, coin oil 5 pei cent, suciose 73 per cent, Salts IV 4 per 
cent To 1 kilo were added 10 ml of a vitamin solution containing per 
litei 0 6 gm of tluaimne hydiochloiide, 0 6 gm of iiboflavin, 4 0 gm of 
calcium pantothenate, 0 4 gm of pyridoxine hydrochlonde, 200 gin of 
choline chlonde, 4 0 gm of mcotimc acid, 20 gm of inositol, 50 gm of p- 



Fio 1 Groi^th retardation in rats fed a purified diet containing molybdenum 
(Nn:MoO< 2H O) A, diet without Mo (control), □, diet contained 50 mg per cent 
of Mo, O, diet contained 100 mg per cent of Mo, X, diet contained 500 mg per cent 
of I\Io 

ammobenzoic acid, 50 mg of folic acid, and 20 mg of biotin The fat- 
soluble -nlamins Mcie gn en twice each week mth a dropper To this diet 
I^Io in the form of Na 2 MoOi 2 H 2 O was added to give hnal concentiations 
in the diet of 0 00 (contiol), 50, 100, and 500 mg pei cent of Mo 
Fig 1 shows the growth curves for these rats over a 4 w^eek peiiod 
All four rats rcceuing 500 mg per cent of Mo died shortly after the 1st 
week There was no inchcation of diairhca and an autopsy did not reveal 
any gioss abnormalities m individuals fiom any group other than extreme 
emaciation Further, a blood examination by the loiitme methods gave 
an apparentl}’^ normal picture foi red blood cells, wbite blood cells, hemato- 
crit, and hemoglobin 




neilands, strong, and elvehjbm 


433 


From considerati 6 ii of the g^o^^ th curves reproduced in Fig 1 , it was 
decided that for an expenment designed to test the counteraction of molyb- 
denum toxicitj a senes of rats fed a level of 40 mg per cent of Mo should 
prm e satisfactori’’ 

In neu of the remarkable, and someuhat puzzling, interaction among 
vanous nutntional elements which was descnbed bnefly above, it wms 
decided to test the effect of copper and iron alone and then, m a single 



Fio 2 Growth effect in rats of various minerals and whole liver substance added 
to a purified diet contaimng 40 mg per cent of molybdenum (Na.MoO, 2 H 2 O) ®, 

40 mg per cent of Mo + 6 per cent whole liver substance + basal, □, purified basal 
(control) , H , 40 mg pgr cent of Mo -f 2 mg per cent of Cu + basal , A, 40 mg per cent 
of Mo + 2 mg per cent of Cu + 20 mg per cent of Fe + 20 mg per cent of Zn + 2 
mg per cent of Co -1- basal , 0 , 40 mg per cent of Mo + 20 mg per cent of Fe -{- basal , 
•, 40 mg per cent of Mo + basal 

expenment, to include copper, iron, zinc, and cobalt in rations contaimng 
40 and 80 mg per cent of Mo The copper was added as (luSO^ SHjO, 
the iron as FesCSO^Ij, the zinc as ZnCb, and the cobalt as C 0 CI 2 6 H 0 O 
The effect of w'hole hver substance was also investigated The basal 
ration was identical to that used abo\e and was again fed ad libitum to 
four lats in each group In tins ration the various substances were inti- 
mately mixed in the concentrations indicated in Fig 2 , w'hich shows the 
grow’th response of the ammals receiving 40 mg per cent of hlo 
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It IS appaient that 5 pei ceni ^hole liver substance contained some 
factor vliich was absent fiom the pmificd ration Most lecent work on 
the niitiition of tlie lat supports this view (see the paper by Jaff6 and 
Elvehjem (9)) The addition of non alone did not prevent the to\lClt^ 
of molybdenum Howevei, the addition of 2 mg pei cent of Cu either 
alone oi together wath non, zinc, and cobalt gave an average gain of 28 gm 
at the end of G weeks The weights of the individual lats receiving 40 mg 
per cent of Mo plus 2 mg pei cent of Cu plus the basal diet were 185, 189, 
194, and 203 gm , wdnle those receivmg 40 mg per cent of Mo plus the basal 
weie 150, IGG, 170, and 182 gm at the end of tins peiiod 

The gioup lecemng 5 pei cent whole liver substance plus 80 mg per 
cent of Mo again showed no giowth letaidation The lemaimng lats 
fed this level of molvbdcnum giew' veiy pooily, including those fed 2 mg 
' per cent of Cu 

It was next decided to attempt to tiace, as quantitatively as possible, 
the fate of a given dose of molybdenum and to study the influence ol a 
simultaneous dose of coppei or catechol Although various methods arc 
available foi the dcteimination of molybdenum m biological raateiials (10), 
the use of a ladioactive liacci has an obvious advantage in that the pic* 
existing molybdenum in the vaiious tissues docs not inteifeic Fuither, 
the detection of a radio clement leaves little to be dcsiied fiom the point 
of view of sensitivity of measuiement A sample of Baker’s molybdic 
oxide (MoOd which had been iiiadiatcd with neutions was obtained fiom 
the hlonsanto Chemical Company 'J'hc sample assayed 99 9 per cent 
INIoOa and contained the following impuiitics S 04 0 003 pei cent, PO 4 
0 0005 pci cent, insoluble in NH4OH 0 007 pei cent In the iiiadiation 
piocess appaiently only the stable Mo®* isotope undcigoes a nucleai ic* 
action (a, 1 ) to guc the radioactive Mo”® isotope This element decays 
with a 1 3 m 0 A /3 and 0 77, 0 82, 0 84 m e v y emission to technetium 
(nTc®®) The half life it, 07 houis 

The sample of ladioactive molybdic acid (10 0000 gm ) was dissolved 
in a stoichiomcliic amount of concentiated sodium hydroxide and the 
neutral solution diluted to 50 ml From tlus mastei solution vaiious sub- 
dihitious wcie picpared foi feeding cxpeimicnts and for constiiicting the 
counting standauK 

The element was intioduccil into tlie back ol the tin oat in 0 5 ml of 
solution fiom i hjpodcimie SMinge fitted with a blunt needle In the 
fust expeiiment twche lafs wcic each given 13 34 mg of the rathomolvb- 
denum Six of these wcie then immediately given 0 5 ml of a solution of 
( opper sulfate containing 5 00 mg of coppei Vftei internals of approxi- 
m iteh 2’ houis, 1 d.i\ and 2 da>s, lospcctucly, two latsfrom each gioiip 
wcie saenficcd, and the tissues weighed in taied poicclnin cniciblcs and 
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^slled in n muflle fuin ko after carmelizing it 100° llie ash was weighed, 
dissol\e<l or sii'-pendod as e\enlj as possible in coneentiated Indiochlonc 
rcid, and in aliquot ti insfciied to i 50 mm lead dish 1 he samples were 
dried at 100°, md then i idioic tivila racjsiiictl walh in Insliiiment Develop- 
ment Lihoi atones conntei The.actnilj was < oiiected foi decay , and ash 
absorption The latter ( oiiection was obt.ained fiom i cm ve lepiesenting 
per cent recoacn pei mg of ash Ihe urine and feces, as well as the 

I anoiis tissues, w ere counted foi those r its on the test 2 dai s Tlie results 
are gia en m Table I 

In a second e\peiimcnt twice as much moljbdenura was fed (26 68 rag ) 
to three rats To two of these was then immediatelj gnen 0 5 ml of a 
solution of catechol containing 6 00 mg of the alcohol Accoiding to the 
theon, discussed aboae (S) this should suffice to combine with approxi- 
matelj 10 per cent of the ingested moljbdenum Ilighei levels of cate- 
chol are toxic The three rats were sacrificed after 1 daj’’and the tissues, 
feces, and urine counted in the usual wa> The results are show n in Table 

II 

It is emdent that a consideiable poitiou of tlip ingested Mo is rapidly 
absorbed and rapidlj' e\ci eted The high lei els in the feces show that much 
of the element maj nevei leave the ahmentary canal Mthough the 
animals were fasted for 24 hours pnor to admimstration of the molybdenum, 
the 1 arying amounts of food m the stomach and intestine maj' account foi 
the vanable degrees of absoiption Aside from the stomach and intestine, 
the tissues followed a faiily regular scheme of lathei rapid elimination of 
the element The figures in Table I do not show am obiious effect of 
copper fed in this way In Table II theie is some indication that the feed- 
ing of catechol maj’’ delaj the eliimnation of the element Aftei 2 days 
(Table I) the highest concentration of moljbdenum was in the bones and 
kidnej's This is in agi cement with certain expenments on ineit molvb- 
denum (11) 

Since, as the aboi e expenment illustiates, a consideiable fraction of the 
moljffidenum is not absorbed, there is a i ery real possibifity that it has 
formed a less soluble complex with certain substances in the ahmentarj' 
canal On the othei hand molj'bdenum could probably combine with 
other substances in such a w aj’' that its toxicitj’’ w ould be low ered without 
appreciablj" influencing its rate of absoiption and elimination Coppei 
and moljbdenum maj*^ form the lather poorlj'^ charactenzed insoluble 
copper moljdidate In a study of the precipitation of moljffidate (12) it 
was found that in the potentiometnc titration of coppei sulfate with 
sodium molvbdate a precipitate began to form at pH 5 28 The composi- 
tion of the coppei raoljffidate precipitate was found to be 1 0 CuO 0 7 
MoOj, 1 c , Cu 35 25 per cent. Mo 37 24 per cent 
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Table I* 


Distnbuhon of Radioactive Molybdenum, in Tissues of 
Rats Fed Molybdenum Alone and mth Copper 


Group No 

1 

2 

3 1 

4 

1 

5 

6 

Average weight, sm 

132 6 


142 9 

155 8 

96 2 

71 4 

Time on test, hrs 

2 1 


SI 0 1 

2 5 

26 4 

51 4 

Mo dose, mt 

Cu " •• 

13 34 

■iH 

13 34 1 

1 

13 34 

5 00 

13 34 

S 00 

13 34 

5 00 


Total per tissue 



Y 

7 

7 

7 

7 

7 

Stomach 

1536 89 

46 40 

6 78 

45 86 

133 25 

18 23 




(0 12) 



(0 29) 

Kidneys 

28 46 

11 85 

7 12 

22 60 

9 77 

4 45 




(0 13) 



(0 07) 

Liver 

60 17 

8 78 

7 01 

45 43 

8 65 

6 76 




(0 13) 



(0 11) 

Intestine 

214 97 

365 17 

72 73 

161 05 

584 75 

91 35 




(1 31) 



(1 46) 

Bone 

4 07 

1 63 

0 98 

4 14 

2 25 

1 31 




(0 02) 



(0 02) 

Heart 

4 16 

0 83 

0 61 

2 53 

0 85 

0 58 

1 

1 



(0 01) 



(0 01) 

Lungs 

12 40 

1 27 

1 12 

13 29 

2 21 

1 23 



1 

1 

(0 02) 

! 


(0 02) 

Carcass 

811 00 

377 50 

80 57 

950 60 

270 35 

84 14 




(1 45) 



(1 35) 

Feces 



697 50 



1364 70 




(12 53) 



(21 75) 

Urine 



4692 00 



4701 00 




(84 30) 



(74 92) 

Rcco\crj , % 

20 03 

6 11 

41 73 

9 34 

7 59 

47 03 



Per 

gm tissue 




Blood 

28 83 

2 34 

1 81 

13 16 

3 04 

2 34 

Stomach 

176 3G 

5 SO 

2 94 

9 26 

19 26 

4 64 

Kidncj s 

18 47 

7 68 

7 14 

14 34 

9 74 

! 2 80 

Liver 

9 07 

1 23 

0 84 

5 44 

1 71 

1 65 

Intestine 

13 88 

25 42 

6 19 

9 02 

25 52 

14 43 

Bone 

10 89 

4 79 

3 03 

10 27 

6 38 

3 88 

Heart 

D 00 

1 50 

1 02 

10 00 

1 94 

1 63 

Lungs 

15 81 

1 57 

1 16 

12 40 

3 39 

2 16 

Carcass 

8 53 

3 25 

0 63 

8 03 

! 3 87 

1 49 

Fcccs 



290 91 

1 

! 


597 44 


* Each column is the average from tivo rats The figures in parentheses are the 
per cent of total Mo reco^crod 


Approximatel}' 50 gm of pure uhite anhydrous copper sulfate Yas 
dried at room temperature for 3 days over calcium chloride E\actly 
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44 21 gm of this salt Derc Doiglied and diluted to 100 ml mth distilled 
^\ater 10 ml of tlus solution contained 1 7613 gm of copper Exactly 
10 gm of molj'bdic oxide contaimng Mo''^ were dissolved in sodium hy- 
droxide and the stoichiometric amount of sodium hydroxide added The 
neutral solution, after dilution to 50 ml , contained 1 334 gm of molyb- 
denum per 10 ml 

10 ml of the copper solution were added dropmse vath occasional stimng 
to 10 ml of the Mo solution The reaction, vhich took about 1 hour, was 


Table II* 

DislnbuUon of Radioacltrc Molybdenum in Tissues of 
Rats Fed Molybdenum Alone and imth Cateehol 



Group 1 

Group 2 

Group 1 

Group 2 

AveraEe weight, jri 

155 26 

181 01 

155 26 

18101 

'lime on test Ars 

25^ 


25 8 

2SJ 

ilo dose mg 

26 6S 

26 6$ 

26 6S 

26 6S 

Catechol dose, mg 


609 


6 09 


Total per tissue 

Per gm 

tissue 


7 1 

7 

7 

■■ 

Blood 



16 44 


Stomach 

301 40 (2 79) 

2671 50 (19 81) 

118 52 


Kidneys 

24 44 (0 22) 

49 08 (0 36) 

15 58 

31 64 

Liver 

89 68 (0 82) 

75 01 (0 56) 

10 76 

11 82 

Intestine , 

1109 00 (10 26) 

1703 00 (12 62) 

111 55 

175 60 

Bone 

7 54 (0 06) 

9 25 (0 07) 

82 80 

36 04 

Heart 

4 49 (0 04) 

8 40 (0 06) 

8 20 

13 26 

Lungs 

12 53 (1 15) 

25 30 (0 19) 

12 37 

21 42 

Carcass 

898 50 (8 11) 

2219 50 (16 46) 

6 90 

13 40 

Feces 

731 00 (6 56) 

998 00 (7 40) 

501 00 

1219 25 

Unne 

7930 00 (71 37) 

5630 00 (41 74) 



Recovery, % 

41 60 

50 20 




* In this experiment one rat was fed molybdenum alone and two rats were fed 
molybdenum plus catechol The figures in parentheses are the per cent of total Mo 
recovered 


conducted at a temperature of 37° ± 1° m a v ater bath The pea-green 
precipitate v as filtered off, resuspended in hot v ater, and again filtered 
The preparation was dned at 100° overnight, and the cake pulvenzed and 
dned for another 4 hours at the same temperature The final yield of 
the dned green pow der was 2 3589 gm A copper analysis by the standard 
thiosulfate method gave a Cu content of 30 09 per cent (29 87, 30 31 , aver- 
age 30 09) The Mo analjsis was earned out after dissohung a small, 
carefully w eighed quantity of the unknown in concentrated mtric acid, by 
measurements of its radioactivity This gave a molybdenum analy^sis of 
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28 51 per cent (28 00, 29 03, aveiage 28 51) A pievioiisly prepaied batch 
of coppei molybdate m yIucIi meit Mo had been used was analyzed by tlie 
a-benzom oxime piecipitation technique (13) and gave an Mo content of 
30 14 pel cent (29 97, 30 30, aveiage 30 14) 

DISCUSSION 

The noimal Cu content of the puiified lation containing 4 per cent of 
Salts IV as used in these^.expeiiments is 7 73 mg pei cent of Cu The 
addition of 2 00 mg pei cent of Cu would pio\ide a level of 9 73 mg per 
cent of Cu, and this is apparently capable of counteracting to a laige 
extent the toxicity of 40 mg pei cent of Mo It v ould thus appear that 
tlie theiapeutic effect of Cu occuis at a level too low to account for the 
foimation of a less toxic, insoluble coppei molybdate of approximately 
eciual pel cent coppei and molybdenum 

On the othei hand it is extiemely unlikely that m the body of the i at hlo 
mil combine only mth Cu Indeed the data in Table II suggest a sloivei 
elimination of Mo uhen fed mth catechol If molybdenum complexes 
A\eie foimed mth the substances piesent in the ahmentaiy canal, as siig 
gested by the English woikeis, one might expect rathei inegulai degrees 
of absoiption from the digestive tiact Such iiiegularities can be seeiiin 
the Mo anal 3 ''ses i epoi ted m Table I for the stomach and intestine but not 
foi the othei tissues of a moie definite chemical composition 
The lecoveiy of ladioactivc molybdenum was quite low Even m those 
cases m vhicli urine and feces A\eie collected the total recovery did not 
exceed 50 pei cent Seepage into poicelain ciucibles, adheience to metal 
cages, etc , aie pi obable avenues foi losses 
Vdiole hvei substance is of such complex constitution that its poweiful 
i6Ie in the counteiaction of molj^bdenum toxicity is difficult to elucidate 
The coppei content of diied iihole hvei substance is not sufficient to ac- 
count foi its theiapeutic effect On the othei hand the combined elTect 
of its coppei content, giouth stimulation on this punfied ration, and its 
impioxement of the general nutiition of the ammal might account foi its 
antagomsm to molybdenum toxicity 

SUJIMAnY 

The toxicity of molybdenum when fed as sodium molybdate in a puiified 
lation has been studied with lats A level of 500 mg pei cent lesulted 
in death aftei the 1st week, A\heieas levels of 100 and 50 mg pei cent 
pcimitted gicatlv reduced giow th late In these lats there was no obwoiis 
gi OSS pathologx 01 change in blood picture 

The toxicity of a diet containing 10 mg pei cent of Mo could be largely 
OACicome bx feeding an additional 2 mg pei cent of Cu to a diet alieady 
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containing 7 73 mg per cent of Cu Othei minerals such as iron, zinc, 
or colialt appeared to be ^^^thout effect on jNIo tovcitj’’, but m hole liver sub- 
stance afforded a marked degree of protection 
Bj means of radiomolj’bdenum (Mo®’) as a tracer the fate of a given 
dose of moljbdenum vas determined Analj^sis of vanous tissues at 
hours, 1 da}', and 2 daj s revealed most of the element to be in the stomach, 
intestine, feces, and iinne At the end of 2 days the kidneys and bone 
contained shglitly higher lei els per gm than the other tissues examined 
The simultaneous admimstration of a dose of Cu did not influence the 
distnbution of molj'bdenum However, all tissues from two rats fed a 
simultaneous dose of catechol contained considerably more Mo after 1 day 
than the control group which received only molj'bdenum 
A copper moljbdate was prepared winch assaj ed 30 09 per cent Cu and 
28 51 per cent Mo It is suggested that the toxicit}'^ of molybdenum may 
he neutrahzed to at least some extent through combination with certain 
substances, including copper, of the diet 
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A DIRECT TURBIDBIETRIC METHOD FOR DETERMINING 
ETHEREAL SULFATES IN URINE* 

Hr I\ AR SPERBER 

{From the Institute of Animal Physiology, Royal Agricultural College of Sweden, 

Upsala, Sueden) 

(Recci\od for publication, October 28, 1947) 

During the course of in investigation into the excretion of “detoxication 
products” m the cliicken (1) the need arose for a reasonably simple and 
relmble method for the estimation of “ethereal sulfate” m quantities of 0 1 
to 1 mg of SOj m volumes of some ml of chicken unne As none of the 
methods tned seemed satisfactory m the fonn described, a modification was 
developed 

It appears that in all methods hitherto described ethereal sulfate is de- 
termmed as the difference between the free and total sulfate If the pro- 
cedure used for the sulfate determmation is not very accurate (which is 
undoubtedly the case with all existmg methods when the amount deter- 
mined IS less than 1 mg ), the error inherent m the value for ethereal sulfate 
may well be considerable This is also e\udent from an inspection of the 
values given m the hterature, for instance by Morguhs and Hemphill (2) 
and Treon and Crutchfield (3) A direct method seems to be preferable 

It has been found that free sulfate (together vith mterfermg substances) 
may be precipitated with baiium chloride, and the lesultmg excess barium 
by the use of sodium carbonate, mthout apparent loss of ethereal sulfate 

For the determmation of sulfate after hydrolysis the turbidimetric 
method is undoubtedly the most rapid (3), and its accuracy seems quite 
satisfactory and at any rate not inferior to the benzidme or chromate 
method Treon and Crutchfield (3) pomted out that the barium chlonde 
should be added as a solid, not m solution The stability and leproducibil- 
ity of the cloud are then veiy satisfactory Tliese authors followed the 
customary practice of usmg a i datively large quantity of hydrochlonc acid 
for the hydrolysis and subsequently nearly neutralized the acidity of the 
solution It IS, howevei, possible to hydrolyze the ethereal sulfates at a 
relatively low acidity and develop the cloud ivithout neutralization 

Reagents — 

Acid banum chlonde solution Dissolve 1 gm of banum cliloride -f- 
2 H 30 m iiater, add 2 ml of concentrated lydrochloric acid (sp gr 1 19), 
and dilute to 100 ml 

• Aided b 3 a grant from the Swedish Research Council for Natural Science 

441 


442 


DETERMINATION OF ETHEREAL SULFATES 


Sodium carbonate solution 5 per cent (weight by volume) 
jDilute hydiochloiic acid 10 ml of concentrated hydiochloric acid 
diluted to 100 ml 

Barium chloride, ciystallme, of unifonn size, piefeiably 30 to 50 mesh 

Method 

5 ml of chicken uime (undiluted when fluid, oi suitably diluted) are 
mixed voth 1 ml of acid barium chloride solution in a centnfuge tube and 
centrifuged at 3000 R p m foi about 10 minutes The centrifugate is 
diamed mto a clean centrifuge tube and mixed ivith 1 ml Of sodium car- 
bonate solution, allowed to stand some mmutes, and centrifuged 10 mmutes 
or moie 3 ml of this centiifugate aie pipetted mto a test-tube, and after 
addition of 1 ml of dilute hydrochloiic acid the test-tube is covered vath a 
glass ball and heated in a boilmg watei bath foi 30 mmutes. Aftei coolmg, 
0 1 ± 0 005 gm of baiium chloride is added The test-tube is gently shaken 
until the substance has dissolved and the solution is tiansfeiied to a cuvette 
The extinction has been measuied vath the aid of a Weca photoelectnc 
coloiimetei (accoiding to Havemann), the 2 cm micro cuvette being used 

DISCUSSION 

The lemoval of mteifeimg substances is msuied by the piecipitation of 
free sulfate at a consideiable acidity Otheiwise uiic acid maj’’ mterfere 
and cause consideiable tuibidity m the final stage (this seems to be due to 
the low solubility of the acid bai lum ui ate) This fact makes the difference 
method especiallj'- unsuited foi chicken uime 
It IS best to take chicken uime lepiesentmg no moie than 15 minutes 
cxcietion Otheiwise some slight tuibidity may remam aftei the addition 
of sodium caibonate and following centiifugation 
The late of hydiolysis has been tested foi resoicmol sulfuiic ester and 
phenol sulfui ic ester (potassium salts wcie used) The lesults for the latter 
substances aie as follows 


IIj droll SIS tune, vun 

2 

4 

7 

10 

1 

15 

30 

60 

90 

I’hcnol sulfuric Cbter Ljdro 









bzcd, mg 

0 OSl 

0 195 

0 271 

0 200 

0 299 

0 302 

0 300 

1 

0 296 


Similmly icsoicmol sulfuiic Cbtei is completely hydiolyzed aftei 15 
mmutes It is obvious that the concentiation of HCl (about 0 25 n) is 
quite siiflicieiit foi hydrolysis ol this type of etheieal sulfate m less than 30 
mmutes It is also deal that caic must be taken to avoid piolouged stand- 
uig Ol hcatmg of icid solutions containing etheieal sulfates, if hydiolysis is 
to be a\ oided This is piobabl.v the leason why tieatment with perhydiol 
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in boiling acid solution for the removal of reducing substances, as recom- 
mended bj Morgulis and Hemphill (2), may result m heavT losses of 
ethereal sulfate 

The density and stabilitv of the cloud at different acidities are illustrated 
bj the figures in Table I The density is not significantly influenced b}’’ 
considerable change in aciditj The stability seems to be slightly better 
at loner aciditj The difference does not seem to warrant the inti educ- 
tion of the additional operation of neutralization The cloud appears verj’" 
rapidly, e\cept at the low est concentrations When the cloud is just visible, 
it is necessarj' to let the solution stand a few minutes before measuring the 
extinction, otherwise a considerable erroi maj' be mtroduced 
The relation between the extinction and the concentration is a straight 
Ime which meets the y axis slightl}-- abov e the origin 

Table I 

Density and Stability at Different Acidities 
The samples contained 1 ml of dilute HCl, 2 ml of sulfate solution, and 1 ml of 
sodium acetate solution 


Colorimeter 

readings 

Acetate concentration 

at 

0 

0J5N 

0^0 V 

0 75 \ j 

1 Os 

fnin 



■■■ 

■m 

■■1 

5 

160 

158 




20 

144 

150 




60 

133 

140 

142 1 

140 

HH 


The standard deviation of a single determination is about 0 007 mg of 
SOa (calculated from eighteen pairs of duplicate determmations), and the 
scatter seems to be fairly independent of the concentration Thus the 
relative accuracy mcreases with the concentration 

The recovery of phenol or resoremol sulfunc esters added to chicken 
unne is essentially complete (av’^erage recovery 97 per cent) 

No hght fiilters hav’^e been used m the present study for practical reasons 
connected with the particular apparatus used The extmction is, however , 
higher when blue light is used 

The method seems to be applicable to other urines as w ell as to chicken 
unne It is then, of course, necessary to measure the extmction of the 
unne before the final addition of banum chloride, and subtract the value 
from the final extinction Satisfactoiy lesults have been obtamed with 
rabbit unne 

SUVEUART 

A turbidimetric method for the estimation of ethereal sulfate m unne is 
desenbed Free sulfate and mterfenng substances are remov ed by banum 
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cliloiidc and the ovccss bainim by sodium caibonate Hydiolysis is then 
ofTectod in 30 minutes in appioximately 0 25 K hydiochlouc acid at 100° 
3’he lesulting sulfate is then deteimmed tuibidimetiically aftei piecipi- 
talion as banum sulfate in the unneutialized solution It is possible to 
deteiminc 0 1 to 1 0 mg of SO 3 in 5 ml samples The standard deviation of 
a single determination is about 0 007 mg of SO3 
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ISOLATION AND CHARACTERIZATION OF CHLOROMYCETIN 

QUENTIN R BARTZ 

(.[ rom the Research Laboratories, Parle, Dans and Company, Detroit) 
(Rcccned for publication, No\ ember 3, 1947) 

A new ciTstallme antibiotic, obtained from filtrates of submerged aerated 
cultures of a Sticptomyccs sp , foi wluch the name Chloromycetin was pio- 
posed, has been desenbed m a piehmmar^’^ note It contained both nitro- 
gen and non-iomc chlorme and appealed to be a neutral compound In 
addition to a marked bacteiiostatic activity m broth-dilution assays 
agamst seaeral Gram-negative bacteiia, it showed marked chemothera- 
peutic actmti agamst Riclettsia prowazeh m screenmg tests with chick 
embrj os (1) and against a number of nckettsiae and one aurus when tested 
in embi^onated eggs or in mice (2) Furthermoie, it had a low order of 
toxicity m experimental animals and appeared to be well absorbed when 
admimsteied oially to mice and dogs (1) It is the purpose of this paper to 
lecord pertment obseiwations made prior to the isolation, to give specific 
examples of two diffeient methods of isolation, and to desenbe ceitam 
properties of the crystaUme compound 

EXPBBIMENTAl. 

Assay — The antibiotic actmtj’’ was follow^ed by means of a turbidimetnc 
method, desenbed by Josljm and Galbiaith (3), wath Shigella paradysen- 
teriae (Sonne) as the test oigamsm As soon as crj^stallme Chloromycetin 
became available, potencies were estimated m terms of weight of pure anti- 
biotic from a standaid curve 

Stability — ^The antibiotic w'as found to be qmte stable m the crude culture 
(pH 6 81), m the filtrate after removal of the mycehum (pH 2), and in the 
latter adjusted to pH 7 Withm the hmits of error of the assay no loss of 
activity was apparent wLen these solutions were stored at 5° for a month 
Thus Chloromycetm w as found to be much more stable than penicillin and 
further experiments demonstiated it to be more stable than streptomycm 
in the acid range A sample of a crude filtrate m normal hydrochloric acid 
retamed all of its activity for 24 hours at 25° (see Table I), w^hereas under 
similai conditions streptomj'cui was about 90 per cent destroyed On the 
othei hand, both are unstable in dilute alkah, Chloromycetm being more 
than 87 pei cent inactivated at pH 10 82 m 24 houis at 25° (see Table I) 

Erii action from Aqueous Sohiiion with Organic Solvents — A rather exten- 
sn e studj of this problem w as made with a total of fourteen solvents The 
distribution between sohents was made at an acid, an approximately 
neuti al, and an alkaline pH (see Table II) As a result of these studies it 
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■uas concluded that a numbei of solvents, cyclohexanone, butanol-1, ethyl 
acetate, methyl isobutyl ketone, nitiobenzene, nitiomethane, and diethyl 
ether, possessed higlily favorable distiibution coefficients thioughout the 
pH lange tested, that the distnbution coefficient was appioxunately 1 in the 
case of ethylene dichloride, and that the latio nas in favoi of the aqueous 


T\ble I 

Stahihiy of Chloi omyccUn in Submerged Culture Filtrates for 24 Hours at Varied 

pH (25°) 


pll of solution 

Actuity retained 


per cent 

0 40 

100 

2 15 

100 

7 00 

100 

9 56 

100 

10 82 

<13 


Table II 

Distribution of Chloromycetin between Equal Volumes of Organic Solvents and Water 

at 25“ and Different pH Values 


Solvent 

Per cent of 1 

pH 2 15 

otal activity in s 

pH 6 50 

olvent phase 

pH 9 00 

Cj clohcxanonc 

>92 

>92 

>92 

Butnnol-1 

>92 

>92 

>92 

Ethjl acetate 

>92 

>92 

>92 

Methjl isobutjl ketone 

>92 

>92 

>92 

Nitrobenrcne 

>92 

62 

83 

Nitroniethane 

83 

83 

75 

Diethjl ether 

75 

75 

75 

Ethjlene dichionde 

50 

50 

50 

Chloroform 

37 

25 

25 

Carbon tetrachloride 

25 

' 12 

50 

Tnchloroet hylene 

0 

12 

25 

Benzene 

25 

12 

0 

Dichloroethjl ether 

0 

1 0 

25 

Petroleum ether 

0 

0 

12 


phase in the case of chloroform, carbon tetiachloiide, tnchloioethjdene, 
benzene, dichloi ooth> 1 ethei , and petroleum ether The data also indicated 
that the antibiotic nas essentially a neutial compound 
Adsoiplion and Elution — Concurrent with the distribution experiments 
a study of the behavior of Chloiomjcetm toward certain common adsorbing 
agents was made It was found that Chloiomycetm was not appreciably 
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adsorbed from cither acidified or neutral aqueous solutions by 2 5 per cent 
Super Filtrol, on the other hand it ■was readily adsorbed by 1 per cent 
Nucliar C-190-N at cither an acid oi neutral pH Prehmmary expenments 
indicated that at least 40 per cent of the antibiotic could be eluted ivith 
diethjl ether or 80 per cent acetone Other expenments demonstrated 
that some purification could be effected by filtering an ethei solution 
tlirough a column of aluminum oxide nhich had pre\uously been adjusted 
to pH 4 7 and dried at 100° Undei suitable conditions the antibiotic n as 
recovered m the filtrate and some highly pigmented material remamed 
on the column 

Isolation — ^With the foiegomg facts procedures were devised for the 
concentration, purification, and isolation of the antibiotic, two of which 
are illustrated by describmg tjqncal experiments 

Procedure A — ^I’o 12 liters of the emde culture (pH 7 39), contammg 
50 7 per ml of antibiotic (total 600 mg ), were added 190 ml of 3 N hydro- 
chlonc acid to adjust the pH to 2 304 gm of Super Filtrol were added and 

the suspension stirred for 30 to 60 mmutes After addmg 304 gm of Hyflo 
Super-Cel, the solution uas filtered by suction through a 50 gm pad of 
Hj^o Super-Cel The filter cake was washed uith about 1200 ml of dis- 
tilled water and discarded The combmed filtrates and washmgs, which 
contamed 526 5 mg of Chloromycetm, nere extracted by stirrmg for 10 
mmutes ivith 0 25 volume of ethyl acetate After removmg the ethyl 
acetate layer, the extraction vas repeated once The extracted aqueous 
layer, which contamed virtually no antibiotic activity, was discarded and 
the combmed ethyl acetate extracts were dned over 50 gm of anhydrous 
sodium sulfate at 5° 

After the sodium sulfate was removed by filtration, the ethyl acetate 
was removed in vacuo at a bath temperature of 30° The activity was 
extracted from the brown residue with small quantities of diethyl ether, 
the total volume of extract being 300 ml The ethei extract contamed 
504 mg of the antibiotic or 84 0 pei cent of the amount m the crude culture 

The ethei extract vas divided mto thiee parts and each part poured 
through a 15 gm column (f X 6 5 mches) of alummum oxide (Biockmann) 
vhich had previously been adjusted to pH 4 7 vith hydiochlonc acid' 
120 ml of diethyl ethei, m 20 ml poitions, vere percolated through each 
column Tlie receiveis vere then changed and similai quantities of ethei 
vere used m older to collect a total of five fractions from each column 
Consideiable quantities of blown mateiial remamed on the columns, vhile 
the antibiotic vas found m the filtrate fi actions The first fractions from 
the three columns veie pooled and found by assay to contain 418 mg of 
antibiotic, the pooled second fractions contained 65 mg and the pooled 
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icmainmg fractions 17 mg , oi a total of 500 mg ■^^as found m all the ethei 
fi actions 

The hist and second pooled fiactions fiom the tluee columns desciibed 
abo\c, containing 483 mg of antibiotic, ueie combined uith similai fiac- 
tions fiom anothei lot, contaming 79 mg of antibiotic The ethci uas 
icmo\ed ?« vacuo and the lesidue e\ti acted lepcatedlv with distilled uatci, 
the total volume bemg 625 ml The combined aqueous e^tiacts veie 
then c\ti acted twice with 0 5 volume of peti oleum ethei Consideiable 
blown meit mateiial was lemoved by the lattei solvent This was dis- 
caidcd The watei phase, containing the antibiotic, was conccntiated 
in vacuo at a bath tempeiatuie of 30° to a volume of 23 ml Dining the 
couise of the conecntiation the antibiotic ci 3 'stalhzed Aftei stoiing 
the conccntiatc at 5° oiemight the cij'^stals wcic lemoied bj’- filtiation, 
washed thicc times with 1 7 ml of cold distilled watei, and diied zii vacuo 
ovci calcium chloiidc Yield 440 mg , melting at 146 7-147 7° (collected) 
Aftci lecn'stallization fiom methjdene dichloiide, ethjdene dichloiidc, 
and a mixtuie of dictlnl ethei and peti oleum etliei the meltmg pomt lo- 
mained constant d 149 7-150 7° (collected) A luithei quantity of the 
antibiotic was lecoieied fiom the aqueous mothei hquois bj’’ lepeated 
o\li action witli diethyl ethei, lemoimg the ethei in vacuo, evtiactmg the 
lesiduc lepcatedlv with lioihng methylene dichloiide, and concentiating 
the solution until cij'stals began to appeal *Vftei stoiage foi seveial days 
at — j° the sohent was icniovcd by decantation and the antibiotic le- 
ciistalhzcd fiom ethj'lenc dichloiide Yheld 50 mg, softening at 147 7° 
and melting at 148 7-150 7° (collected) 

C'hloi ora’s cetin w is oiigiiiallv isolated liom ciude cultuies containmg 
about 20 -> ])oi ml b^ means of this piocediiic As the potencies of the 
cuide cultuies incieascd and as changes in the composition of the feimen- 
(ation medium weie made, it wais possible to adopt simplei pioceduies 
The following is illustiatue of the changes made 

Pioicduic B — The ciude cultuie was ticated with Supei Filtiol and 
lliflo Supei -Cel as in Pioccduic A, except that a pll adjustment wais not 
made Immediatch pnoi to extiaction the pooled hltiates and washings 
weie adjusted to pll 8 5 to 9 0 with sodium h 3 ch oxide and extiacted twice 
with 0 25 lolume of etlnl acetate The extracts wcic concentrated to 
contain about 20 mg of Cliloionncetin pei ml To SO ml, containing 
1 650 gm, weie idilccl 20 ml ofkeiosene Tlic solution w as w ashed twac e 
with 10 ml of 0 01 ^ sulfuiic icid, once with 10 ml of 5 pei cent sodium 
Incaibonatc, and twice with 10 ml of distilled watei Vftei cliying oiei 
3 gm of inly di oils sodium sulfate and filteiing and washing the salt with 
anlndious ethil icetate, the >'Ol\(Mit w is icanovcd paitiallv Iw distillation 
in lauin at 37° Aftci standing oceinight at 5° the ti 3 stal& weie icmovcal 
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In filli ition uul ilij^osUcl icpiatcdh witli 10 ml poilioiib of petiolcum 
ctlici until (he ''Upeiiial nils wen coloiles-5 Aftci diymg in vacuo 1385 
•5111 woie obt.uiud, mcltiii}!; il 1 18 5-1 19 5° ((oiitcted) Onieciystdliza- 
tion fiom 45 ml of othvleiu du hloiide, to which 50 mg of Nuchai C-190-N 
hid been iddcd, 1 108 gm woie obtained, melting at 149 2-150 2° (col- 
lected) 

Propolics — C'hloionncetm iisualh cnstalhzes fiom watei 01 ethylene 
dichloiide is coloiless needles 01 elongited plates (see Fig 1) Some 
batches of li j stals h l^ e been light vellow and this coloi w as lemoved with 
difficultj , if at all Aftei se\eial lecnstalhzations fiom diffeient solvei ts 
it has a const mt melting point of 149 7-150 7° (collected) It is optically 
actne, [a] o°= —25 5° (ethvl acetate), and has a chai actei istic absoiption 



Fig 1 Photon- icrograph of crjstals of Chloromjcetin (from ethylene dichlonde), 
X 150 

spectium in watei 01 0 1 x hydiochlonc acid with a smgle ma\imum at X 
278 m^i Analysis, C 41 11, H 3 89, N 8 60, Cl (noniomc) 2171 The 
solubility in water, 70 pei cent aqueous piopylene glycol, and propylene 
glycol (25°) IS about 2 5 , 60 6 , and 150 8 mg pei ml lespectivety Chloro- 
mycetin IS aerj"^ soluble in methanol, ethanol, butanol- 1 , ethyl acetate, and 
acetone, fairly soluble in diethyl ethei, and insoluble m benzene and pe- 
ti oleum ethei It is lelativel}’^ msoluble in aqueous 5 pei cent sodium bicai- 
bonate and slowly soluble in cold 5 pei cent sodium hj-^di oxide Howevei, 
it pioduces no coloiation with feme chloiide, noi does it give the shift m 
absoiption spectium which is chaiacteiistic of phenols when treated with 
alkali The Sakaguchi, Molisch, and biuiet tests aie negative Chlolom^ - 
cetin causes no induction in 2 minutes in boiling Benedict’s solution 
\ solution, contamirg 0 2 7 pei ml , caused a 50 pei cent inhibition n 
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tlic f>,io\\th of Shu/cUa pa) achjseiitci tae (Sonne) Undei tlie same con- 
ditions 10 7 of bticptonmm base \\cie icqiiiied to pioduce tins same effect 
Vs was expected fiom the pieliminaiy woik caiiied out on the stability 

01 the antibiotic in ciude cultuicb, the pine ciystalline mateiial is quite 
stable 111 aqueous solution No loss m activit}’^ was noted when solutions 
in distilled watei weie heated to 37° foi a month oi to 100° foi 5 houis 

The authoi wishes to expiess his appieciation to Di John Ehilich and 
Ml Robcit INI Smith who supplied the ciude cultuies used m this w^oik, 
to Ml Dwight A Toslyn and Mis Maigaiet Galbiaith foi peifoimmg the 
numcious assais leqiined, to Di John M Vandenbelt foi the absoiption 
specti 1 deteiminaticiis, to ]\Ii A W Spang foi the micioanalj’-ses, and to 
Mi Qumten W Mai tin ioi his enthusiastic technical assistance 

SUAIM VTl\ 

^Methods aic deseiibcd foi the isolation of a new antibiotic, Chloiom}'^- 
ectm, in ciystalline foim fiom hltiates of submeiged aeiated cultuies of a 
Shcplomyces sp Some of its moie chaiactenstic piopeities aie desciibed 
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THE DISTRIBUTION OF CYTOCHROME c AND SUCCINOXI- 
DASE ACTHTTY IN RAT LWER FIDVCTIONS=^ 


Br W VLTEB C SCHNEIDER,! ALBERT CLAUDE, and 
GEORGE H HOGEBOOM 

{From the Laboratories of The Rocfcfcller Institute for Medical Research, 

New Yor}) 

(Rccoued for publication, October 14, 1947) 

Rat liter suspensions can be fractionated by differential centnfugation 
into three main portions tthich are morphologicallj" and biochemically 
distmct ( 2 ) Prenous studies on the distribution of enz3Tnatic actmties 
in these fractions have shotvn that the actmties of the succinoxidase and 
cjtochrome ovidase sj'stems uere associated with gianules appioximatelj^ 
0 5 to 2 0 p in diametei , vhich constituted the so called laige gianule fi ac- 
tion ( 3 , 6) In the piesent studj’^, the uoik was evtended to include ej'-to- 
chrome c, a component of the sucemo-adase S3'stem vhich limits the actmt3'- 
of the S3’'stem in In ei homogenates oi extracts The u ork i\ as facilitated 
b3' the fact that c\ tochrome c, m contrast to succmovidase and C3"tochrome 
oxidase, can be piepared m relativel3'’ puie fonn and can be estimated by 
direct quantitatne techniques Thus experiments neie possible in nhich 
not only could the distribution of C3 tochrome c present in the onginal hver 
be determined but the distribution of purified C3'tochrome c added at 
vanous stages in the fiactionation could also be investigated 

Materials and Methods 

Determination of Succinoxidase Activity — In tissue suspensions, the con- 
centration of c3'tochiorae c Imiits the activit3’- of the sucemoxidase system 
In assa3mgfor mccmoxidase activit3, theiefore, C3 tochrome c ivas added 
in excess to msuic maximum actmt5 of the system ( 7 ) 

Determinations of sucemoxidase acti\at3' iieie also cained out inthout 
the addition of cytochrome c, smee undei ceitain conditions the measure- 
ment of sucemoxidase actmty m this mannei appears to be a measme of 
the C3 tochrome c present The sucemoxidase actmty^ I'alues mil be termed 
in the presence of c3t;ochrome c added m excess and QT m the absence 
of added cytochrome c The Q values aie expressed as c mm of oxygen 
taken up pei houi per mg of dr3’' matenal 

* Ajded m part bj a grant from the \inencaii Cancer Societ\ on the recommenda- 
tion of the Committee on Groiith of the National Research Council 

t rellou of the Jane Coffin Childs Slemorial Fund for Medical Research (194G-47) 
Rresonf address, McArdle Memorial Laboratory, Jfedical School, University of Wis- 
consin, Madison C, Wisconsin 
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Detemunahoii of Cytochrome c — Cytochrome c vas estmiated by the spcc- 
tiophotometiic method of Rosenthal and Drabkm (5) 

Preparation of Rat Liver Suspensions — The liver cells weie disrupted and 
fractionated m the centiifuge essentially as desciibed by Claude (2) 
The livers from ten to tventy rats tasted for 14 to 20 houis weie lemoved, 
chilled, and passed through a masher to lemove connective tissue The 
tissue pulp vas then giound alone ni a moitar foi 3 minutes, and neutial 
vater oi neutial 0 85 pei cent NaCl solution was added slowly to a volume 
coiiesponding to 5 times the weight of the tissue pulp 
Fractionation of Suspension of Rat Livei in — Removal of unbioken 

cells and nuclei vas accomplished by tvo successive centi ifugations of 6 
and 5 minutes at 1500^ (2) The supeinatant fluid vhieh lemained aftei 
these centrifugations will be refeiied to as the extiact, E 
The extiact vas centrifuged foi 20 minutes at 9400<7,^ the supernatant. 
Si, was icmoved, and the sediment, consistmg mainly of large gianules, 
A\ as resuspended in a small volume of water Portions of the large granule 
concentrate, Lgc, vere then v ashed tivice with eithei watei, Lg(H20)v, 
01 saline, Lg(NaCl)w, by resedimentation of the laige granules from these 
media 

The supernatant, 5i, was lecentrifuged foi 15 minutes at 9400fif to le- 
movc any unsedimented large gianules The supernatant from this cen- 
trifugation, S 2 , w'as centrifuged 1 hour at 26,000<7 ^ The supeinatant, S3, 
w'as saved and the sediment, consisting mainly of miciosomes, was sus- 
pended in a small volume of w atei Poi tions of the microsome concentrate. 

Me, w'erc then w^ashed once wuth watei, M(H20)w, or with salme, 
M(NaCl)w, by resedimentation of the miciosomes fiom these media 
Fractionation of Suspension of Rat Livei in Saline — The lemoval of 
nuclei and of whole cells fiom the suspension of rat liver in isotonic saline 
was accomplished bv'' tliiee successive centi ifugations of 3 minutes at 1500^ 
( 2 ) 

The nuclei- and cell-free extract, E, was centrifuged for 15 minutes at 
9400(7,^ the supernatant. Si, was removed and the sediment consisting 
mainly of large granules was resuspended m a small volume of saline 
Portions of the large granule concentrate, Lgc, w'ere then aa ashed tAVice 
AAuth cither saline, Lg(NaCl)AA, 01 AAith AAater, Lg(HoO)AA' In addition, a 
portion of the granules which had been AA’^ashed tAvice Avith Avater was 
washed once with salme, Lg(H20/NaCl)Av 

It AAill be noted that the centrifugal foice employed for the sedimenta- 

* The centrifuge was constructed and designed bj' Mr J Blum of the Laboratories 
of the Reckefeller Institute and consisted of a conical head which Avas rotated in a 
refrigerated, evacuated chamber and which supported 50 ml lusteroid tubes at an 
angle of 30° 
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tion of the large granules ^\as consideiably higher than had been used in 
former experiments (2) It had previously been obsenmd that the large 
granules immersed in i\ ater increase in size, intli a correspondmg decrease 
m densitj' (1, 2) and, in older to obtam adequate sedimentation of the laige 
granules from Mater, it vas necessaiy to lesoit to a liighei centnfugal foice 
The lolumcs of the ongmal liver suspension and of each of the hvei 
fractions Mere caiefulh detennmed The values obtamed M'ere corrected 
for the removal of samples m the preceding steps of the fractionation pro- 
cedure 


Results 

The distnbution of cyt-ochiome c m the liver fractions was found to be 
profoundly affected by the medium m Mhich the fractionation M'as made 
The results obtamed can best be presented by a description of two frac- 
tionation experiments, one of which was made m water and the other m 
isotonic salt solution 

Fractionation of Rat Liver in Distilled Water — The data obtained m a 
typical experiment m M'hich the large granules and microsomes Mere iso- 
lated from a suspension of rat liver m distilled Mater are summarized m 
Table I The volume, the dry m eight, the cytochrome c content, and the 
succinoxidase activity of the different fractions are given It ivill be noted 
that approximately 57 per cent of the dr}' M’eight of the ongmal liver sus- 
pension was recovered m the extract, E This would mdicate that ap- 
proximatety 57 per cent of the hver cells had been broken The recovery 
of cytochrome c did not, however, correlate Mell Mith the recovery of the 
dry M eight Thus only 40 per cent of the cytochrome c of the ongmal 
liver suspension Mas recoveied in the extiact m contrast to the 57 per 
cent of the dry M^eight recovered m this fraction 

In confirmation of previous work (3, 6) it M'as found that essentially all 
of the succmoxidase activity present m the extract was recovered in the 
M'ashed large granules Thus 90 per cent of the succmoxidase activity 
present m the extract was found to be associated ivith the large granules 
washed ^vlth water, Lg(H20)w Washmg the gianules Muth M’-ater or 
salme made little difference m the specific activity or the proportion of 
the total activity of this enzyme system recovered from the extract Thus 
the succmoxidase Qt^ of the granules washed with water (Lg(H 5 O)M 0 M'as 
340 and that of the granules washed with salme (Lg(NaCl)w) was 300 
In terms of total activity these values accounted for 90 and 82 per cent 
respectively of the total activity present m the extract 

The results obtamed with cytochrome c M'ere m marked contrast to those 
obtamed ivith succmoxidase activity In the first place it should be noted 
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that only 55 per cent of the cytochrome piesent in the extiact was recovered 
m the laige granule concentrate, Lgc, while 96 pei cent of the succinoxidase 
activity was recoveied m this fi action In addition 12 8 pei cent of the 
cytochiome c present m the extract was lecovered in the miciosome con- 
centiate, Me The latter finding ivas lathei suipiismg m view of the fact 
that the othei components of the succinoxidase system have not been found 
to be associated with the microsomes m measuiable amounts (3) 

Table I 


Dislnbiilioi} of Cytochrome c and Succinoxidase Activity in Fractions Obtained from 

Suspension of Rat Liver in Water 


1 frTction* 

Vol 

ume 

Dry wciglit 

j Cytochrome c 

Succinoxidase activity 

Per ml 

Total 

Fraction 

ot 

extract 

Total 

Fraction 

of 

extract 

Per gm 
dry 
weight 

0^' 

* 

Fraction 

of 

extract 

q7 


ml 

nts 

ms 

fer cent 

y 

per cent 

y 


pet cent 


Liver suspen- 











fcion 

598 

54 1 

32,400 


23,700 

(100) ' 

732 

93 



K 

455 

40 9 

18,600 

(100) 

9,460 


508 

87 

(100) 


Si 

348 

30 7 

10,700 

57 6 








340 

30 2 

10,270 

55 2 







s, 

319 

23 5 

7,500 

40 3 







Lgc 

1 125 

56 1 

7,020 

37 8 

5,200 

55 0 

741 

224 

96 

12 6 

Lg(II.O)w 

1 102 

12 2 

4,310 

23 2 

4,190 

44 4 

971 

340 

90 

26 2 

■\Vnblungs 

142 

5 1 

2,386 

12 8 







Lg(NiiCl)w 

102 

43 7 

4,470 

24 0 

0 

0 

0 

300 

82 

0 9 

asliings 

155 

1 7 

1 2 140 

11 5 







Me 

58 

41 2 

2,400' 

12 9 

1,204 

1 12 8 

501 




M(ll-0)w 

62 

31 6 

1,962 

10 6 

802 

1 8 5 

409 

1 


i 

Wiishiiigs 

151 

0 8 

1 361: 

1 9 

1 

1 





M(N(iCl)w 

1 62 

27 6 

1 1,714 

0 2 

o' 

0 

0 


1 


Washings 

j 143 

1 0 

1 143 

2 4 








* Slc the tc\t for an explanation of thcsjmbols. 


It was found that the cjtothiome c associated with the laige gianulc 
and miciosome concentiato could be icmovcd bj" subsequent washing with 
isotonic saline, although washing with watci failed to lemoic it As is 
shown! in 3 able I, if the huge gianulcs oi miciosomes w'eie W’ashcd wnth 
water (Lg(II»0)w and I\I(II;0)w), then cj’-tochiomc c content w'as 4190 
and 802 7 lespectnely On the other hand, the laige granules and the 
microsomes washed with isotonic saline (Lg(NaCl)w and ]\I(NaCl)w) did 
not (ontnin measuiable amounts of cjMochiomc c Thus it is appaicnt 
that the natmc of the medium used m the w ishing has a stiihing cITcct 
on the cxtochiome c content of the huge gianules and microsomes 
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Vltlioiigli ji toiibidei iblo imomit of 03 toclirome c \\as associated \nth the 
lirgc granules washed with water and the eoncentiation of C3dochromc c 
in this fraction (971 y Jicr gni of dr3 material) w as considerably higher than 
in the extract (508 ') pei gni of dr\ mateiial), the 03^00111 ome c was ap- 
parcntl3 ictne oiih to 1 ^CI3 slight extent in the succinoxidase S3"stem 
Tins was indicated 113’- the low succinoxidase activit3'^ cxliibited by this 
fraction (Q7* = 26 ), as tompaicd to its succinoxidase activit3'- w'hen cyto- 
chrome c was added m excess (Qt^ = 340 ) 

Fraclionaho)) of I?al Lwer in Isotonic Sahne Solution — Tlio lesults just 
described were m maiked contiast to those obtained when the lat hvei 


1abi,e II 

Dislrihutwn of Cyloctiromc c and Succinoxidase Activity in Fractions Obtained from 
Suspension of Rat Liver m 0 85 Per Cent NaCl 



Vol 

umc 

Do eight 

C> toebrome c 

Succinoxidase 

activity 

Tissue fraction* 

Per 

ml 

Tot'll 

Fraction 

of 

extract 

Total 

Praction 
of extract 

Per gm 
dry weight 


Frac 
tlOQ of 
ex 

tract 

< 

Liver suspension 

E 

s. 

Lgc 

Lg(NaCl)w 

Washings 

Lg(H.O)w 

Washings 

Lg(H20/NaCl)w 

Washings 

ml 

454 

380 

346 
76 
76 

496 

76 

41S 

76 

347 


BiJKUn 


14,980 

8,270 

3,320 

4,860 

3,335 

3,520 

Traces 

per cent 

(100) 

40 2 

58 8 

40 3 

42 6 

Traces 

■) 

668 

60S 

385 

1012 

868 

1176 

Traces 

111 

82 

232 

235 

310 

340 

1 

149 

139 

21 

14 


* See the te\t for an explanation of the symbols 


cells were disrupted and fractionated in isotonic salme (see Table II) 
In this case the eoncentiation of cj’tochronie c was found to be highei in 
the washed laige granule fiactions than m the extiact, with the exception 
of the large granules w^ashed with watei, then wath isotonic saline 
(Lg(H20/NaCl)w") Aftei the latter tieatment, the large gianule fraction 
w'as found to have retained only traces of its original content of cytochrome 
c Apparently, then, the effect of w’ater was to produce some alteration 
in the large granules that permitted the removal of the C 3 dochrome c by 
the salme Large gianules washed lepeatedty wath salme wathout mter- 
mediate tieatment wath watei letamed most of then C 3 dochrome c 
“Mother strilvmg difference between the water and saline tieatments was 
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the extremely high succmoxidase activity exhibited by the large gianules 
cashed in saline, Lg(NaCl)w These gianules had an activity which was 
59 per cent as great as the activity vhich was exhibited when excess cyto- 
chrome c was added (Q7“ = 139, as compaied to = 235) On the othei 
hand the granules washed with watei had a succinoxidase activity which 
was only about one-seventh as gieat as the activity of the saline-washed 
gianules {Q7‘' of Lg(H20)w = 21) This difteience between the succm- 
oxidase activities of the w'atei and the salme-washed gianules was even 
more stiikmg in view^ of the fact that the gianules washed in watei had a 
higher concentration of cytochiome c than did the gianules washed wath 
salme, fraction Lg(H20)w contamed 1176 y of cytochiome c per gm of 
diy mateiial, while Lg(NaCl)w contamed only 868 y 

In othei expel iments in ivhich the imciosomes were also isolated from 
salme suspensions of lat hvei, anothei striking difference was found be- 
tween the saline and the watei suspensions of lat hvei No measuiable 
amounts of cytochiome c w^eie found in association with the miciosomes 
isolated from the saline suspensions This w'as m maiked contiast to the 
considerable amounts of cytochiome c w'hich had been found to be present 
in the microsomes isolated fiom suspensions of rat hvei m watei (Table I) 

DISCUSSION 

The expel iments leported in this papei show' that large gianules sedi- 
mented from suspensions of lat hvei in w'atei oi in isotonic salme and 
washed w'lth watei possessed a succinoxidase activity in the absence of 
added cj'tochiome c W'hich was about one-seventh that of the gianules 
maintained in saline duiing the entiie fiactionation pioceduie Tw'o mam 
mteipietations of these lesults can be consideied, namely that the effect 
of watei was to dilute the cytochrome c piesent in the large granules or 
to alter the connection of the cytochiome c with the other components 
of the succinoxidase system 

Claude (1) obserA'cd that laige gianules swell tiemendously in distilled 
watei and eventually dismtegiate A 2-fold inciease in the diameter of 
the laigc granules would be more than sufficient to account for the low' 
activity of the laige gianules w'ashcd with watei, since such an inciease in 
si/e would lesult in an 8-fold dilution of the cytochiome c in the laige gian- 
ules ^riic fact that both gianules m salme and granules m watei had 
appi oximately the same succmoxidase activity when cytochrome c was 
added in excess w ould also appear to support the dilution hypothesis 

The idea that the effect obscrv'cd is due to dilution only is not completely 
satisfactoiT, however, in v'levv of the fact that the cytochrome c could be 
remov ed from the large granules, once these granules had been treated w'lth 
w ater 
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Tlic pofcsibiliU that c\ tochrornc c was present in the ivater-treated large 
granules as a lesult of sccondarv adsorption must be considered Several 
obseia alions fa\ or sucli a a icw In the hist place, the cytochrome c which 
was present in the water-treated granules was essentially inactive m the 
succino\idase sj'stem This lack of activity might result from adsorp ion 
of the cj tochrome c on the large granule in a location maccessible to the 
other components of the succmovidase system, lather than from dilution 
of the C} tochrome c within the granules The fact that the microsomes 
isolated from a suspension of rat h\er in water con tamed cytochrome c 
while the microsomes isolated fiom a suspension m saline did not would 
seem to support the Mew that the effect maj' be due to secondary ad- 
sorption As m the case of the laige granules, it was observed that the 
cytoclirome c associated wath the microsomes could be removed by washmg 
wath sahne Smee washmg w ith isotonic salme did not remove the cyto- 
chrome c from large granules when these were origmally prepared m sahne, 
it must be concluded that the cjdochrome c m the water-treated large 
granules was probably present m a different physical state 

The observation that homogenates of tissues made in isotonic media had 
a much higher succmo\idase activity m the absence of added C3rtochrome c 
than did homogenates prepared m w'ater ( 4 , 7 ) was interpreted as being 
due to a higher pioportion of unbroken cells m the isotonic media The 
ratio of succmoxidase activity m the absence of added cytochrome c 
to the actmt3 in the presence of cj’-tocbiome c added m excess was thus 
termed the “c3’tolysis quotient ” Smee the same phenomenon was ob- 
served m the present experiments with the large granules isolated from 
suspensions of rat liver m water and m saline, it is obvious that cytolysis 
was not mvolved, because no cells w^ere present m the large granule prep- 
arations Nor IS the ratio a measure of C3’-tochrome c content, smee the 
large granules prepared from a suspension of rat liver in water had a higher 
c3rtochrome c content than did those prepared from a suspension m salme 
From these observations it can be concluded that the ratio is probably a 
measure of the availability of cytochrome c to the succmoxidase system 
A more appropnate term for this ratio would be “cytochrome quotient ” 
Q 7 ' Qt‘ 

The results which have just been desciibed clearly show that the medium 
m which the fractionations of the cell are made have a profound effect upon 
the biochemical properties of the resultant fractions Thus the stud3' of 
the media to be used for the isolation of the components of the cell w ould 
seem to be of paramount importance if a true picture of intracellular proc- 
esses IS to be obtamed Together, the succmoxidase assa3’, the 03^0- 
chrome quotient, and the quantitative determmation of ci’tochrome c 
provide a valuable method for the studies of other media 
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SUMMARI 

1 The succinoxidase activity and the cj’tochiome c content of fractions 
of lat hver obtained by diffeiential centiifugation iveie deteiimned 

2 In confirmation of previous results, the succmoxidase activity ivas 
foimd to be associated almost exclusively ivith laige granules, 0 5 to 2 0 
fi in diametei 

3 Cytochiome c was found to be associated mth the large granules and 
the rmciosomes w^hen these weie obtamed from a suspension of lat hvei 
in ivatei , vhen ivashed mth ivater the large gianules and the miciosomes 
retained most of the cytochiome c present On the other hand, washing 
the large granules and the miciosomes, piepaied m water, ivith isotonic 
salme resulted m complete removal of the cytochiome c The c 3 dochrome 
c associated vith the gianules in ivatei ivas not very active in the succin- 
oxidase system, since the succmoxidase activity of the large gianules was 
onl}’’ 8 per cent of the maxmium activity obtamed when excess cytochiome 
c ivas added to the assaj' sj'^stem, although 44 per cent of the c 3 dochiome c 
and 90 pci cent of the succmoxidase activit 3 ’' present m the cell-free hver 
extract veic recovered m the laige granules v ashed wth water 

4 Cytochiome c uas also found to be associated vuth the large granules 
sedimented from a suspension of lat hvei m isotonic salme, but not nith the 
miciosomes Most of the cytochiome c associated mth the large granules 
vas retained upon Mashing with salme oi with natci but Mas lost Mdien the 
granules M'hicli had been Mashed M'lth M'atei Mere subsequently Mashed Mitli 
isotonic salme The c3'tochiomc c content of the large gianules accounted 
for 40 3 per cent, and the succmoxidase activity SI per cent, of the respec- 
tive values 111 the cell-free livci extiact The CYdochiome c associated Muth 
the gianules Mashed Mith saline Mas vcii'^ actne m the succmoxidase svs- 
tem, since the succmoxidase activit3’’ of the laige granules M^as 60 per cent 
of the maximum succmoxidase activit3'' mIiicIi Mns obtamed when C3d0- 
( In ome c m is added in excess to the assa3’- S3’^stem 

5 The implications of the findings have been discussed It is concluded 
that a considciablc piopoition of the cvtochiome c of the hvei coll is asso- 
( rated Mith the huge granule fraction and is biologically active Mhen the 
isolation of the laige gianules is made unclei propei conditions 
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SPECTROPnOTOiMETRIC MICROMETHOD FOR THE 
QUANTITATIVE DETERMINATION OF THE FREE 
ERYTHROCYTE PROTOPORPHYRIN* 

Br MOIStS GRIKSTEINt A^D MAXWELL M WINTROBE 

{From the Department oj Medtetne, Universxty of Utah Sehool of 
Medicine, Salt Lake City) 

(Rccencd for publication, August 25, 1947) 

Interest has det eloped recenth' (1-3) in the significance of the fiee proto- 
porphjmn winch tan den Bergh and Hjnnan (4) reported in 1928 as being 
present in human erj throetdes This “er^dhrocjde protoporphtnan” (EP) 
IS identical wath the pi otoporphjaan which, in combmation with iron and 
globm, forms hemoglobm 0,5) An mcrease in the quantity of free EP 
has been obsened m immature eiythiocjdes (reticulocytes) (1, 3) m iron 
deficiency and m lead and gold poisoning (1) as well as m cases of anemia 
associated wath infection (2) It has been postulated that the most com- 
mon cause of mcreased EP is uncompleted hemoglobm S 3 mthesis, whether 
due to the immatunty of the red blood corpuscle or the consequence of 
failure to sjmtbesize hemoglobm through lack of iron oi other buildmg 
stones, a fault m iron metabolism or mterference wath hemoglobm synthesis 
m some other w aj' (3) 

Van den Bergh and Hjanan (4) devised a method for the quantitative 
detennmation of this poiphyrm which depended on its extraction from the 
red blood corpuscles wath a mix-ture of 3 volumes of ethyl acetate and 1 
X olume of glacial acetic acid The concentration of the porph 3 Tan was 
determmed by measurmg m a stufenphotometer the mtensity of fluores- 
cence exhibited under ultraviolet light by a final 5 pei cent HCl solution 
Modifications of this method bj"^ x'an den Bergh and Grotepass (6), 
Lageder (7), Vighani and Angelen (8), Schunun (9), and Seggel (10) have 
been concerned mamty wath the purification of the protoporphjam ex- 
tracted bx x^an den Bergh’s piocedure and the measurement of the concen- 
tration of the piotopoiplyaan m the final HCl solution This concentration 
has been determmed bj’’ measurmg the mtensity of fluorescence or the ab- 
soiption wathm a gix’en spectral range 

All of these methods hax^e one or more of the followmg disadx antages 
too large a xmlume of blood lequired, difiiculty m measurmg the mtensitj 
of fluoiescence by color matchmg m the stufenphotometer, or technical 
difficulties m determmmg the absorption m the ultraviolet, as is the case 

* This study iias aided bj a grant from the TJmted States Public Health Service 
t On lea\ e from the Uni\ ersitj of Cordoba, Cordoba, Argentina 
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jn Schiimm’s spectrographic method Some of these objectioiis \\eie over- 
come m the method of Gimstem and Watson (11) who used an Eveljm 
photoelectiic coloiinietei foi mensurmg the absorption by the protopoi- 
phynn solution of the ultiaviolet light tiansrmtted by Filter 400 The 
oiiginal van den Beigli extraction pioceduie was i educed m this method 
from 2 houis to a feu mmutes By this means deteimmations of fiee 
eiythrocyte piotopoiphyrin in 10 ml of blood can be made vnth good ac- 
cuiacj The sensitivity of the Evelyn instinmcnt is limited, hovevei, 
by the much lowei absoiption obtained vith solutions ot piotopoiphyim 
in o per cent HCl at the u ave-length of maximum transmittance of Filtei 
400 and also by the vide lange (380 to 420 m/x) of light tiansmitted bj’^ this 
filter The sensitivity can be gieatly mcreased b}- measuiing the absorp- 
tion at 407 5 mid, which is the wave-length of maximum absorption foi 
piotopoiphyim in 5 pei cent HCl (see Fig 3,^) The micromethod which 
IS descnbecl hcie is based on the use of the Beckman spectiophotometer 
It makes possible the measuiement of piotopoiphyim m much smallei 
quantities of blood than have been used hcietofoie 

EXPERIMENTAL 

Spcclrophotomctnc Pwpalics of Pi oiopoi pliynn 9 {Type III ) — The pioto- 
poiphyim 9 used m these studies was piepaied from liemoglobm by a 
method icpoitcd iccently (12) Spectiophotometiic measuiements weie 
earned out with the Beckman spectiophotometei , model DU 

In Fig 1 IS shown the absoiption curve of the piotopoiphyim dissolved 
m 25 pci cent HCl The absoiption intensity coiiespondmg to the thiee 
bands can be seen Tlic milhmolai extmction coefficient at 411 mju (wave- 
length of maximum absoiption m the ultiaviolet band) is 17 times gieater 
than that at 557 mp and 47 times gieatei than that at 602 m^ In Fig 1 
the transmittance cuiwe of Filter 400 used m the Evelyn mstiument is 
shown It can be noted that at 398 m^it, wdieie the tiansmittance of the 
filter IS maximum and equal to 24 8, the milhmolai extmction coefficient 
(e) IS reduced fiom a maximum of 278 at 411 m/x to 110 At 411 mju, 
the wa\c-lcngth of maximum absoiption of piotopoiphjam m 25 pei cent 
HCl, the transmittance of the filter is leduced fiom 24 8 to 18 7 

In Fig 2 calibiation cunes aie shown foi the pi otoporphjTin dissolved 
in 25 per cent HCl dcteimmed with the Beckman spectrophotometei at 
411 mp, band width of 0 6 mit, and with the Eveljn photoelectiic colorim- 
eter, Filter 400 The data for the spectiophotometer are given m Table 
I The calibiation cun e obtained wath the spectrophotometer is a straight 
line, at least up to 200 y per 100 ml of solution, that is, the absorption fol- 
lows the Lambeit-Bcer law This is not true of the cune obtained with 
the E\cl 3 n instrument, smee the light used is not monochromatic It 
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Fig 1 Absorption curve (continuous line) of protoporphjnn 9 dissolved in 25 
per cent HCl The scale for the mtlhmolar exlinclton coefficient (<) is 10 tunes greater 
for the wave-length of 615 to 460 ni;i than at lower wave lengths The transmittance 
curve of Filter 400 of the Evelyn photoelectric colorimeter is indicated by the inter- 



Fig 2 Calibration curves for the protoporphj nn 9 dissolved in 25 per cent HCl 

can be seen that higher optical densities were obtained with the spectro- 
photometer even though the measurements were made with a depth of 1 
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cm of solution an Inch is almost half of the depth used ^\'lth the Eveljai 
photoelectric coloiimetei Considenng the fact that the Beckman instill- 
ment permits measuicment at the iiave-length of maximum absoiplion, 
as Mcll as the fact that this mstiument lequnes onlj^ 3 ml as compaied to 
10 ml foi the Evcljm coloiimetei, the sensitnity is thus capable of being 
inci eased about 10 times Howeici, since the depth ol the solution m the 
Eveljm instrument is almost double that m the Beckman, the actual sen- 
sitivit}' inciease is only about 5 times In gcncial it can be stated, theic- 
foie, that quantities of piotopoiphyiin as low as 0 3 t ir 3 ml of solution 
can be measuicd with good accuiaci'^ 

In Fig 3, A IS shoMTi the vaiiation of the wave-length ot maximum ab- 
soiption with changes in the IICl concenti ation fiom 5 to 25 pei cent HCl 

Table I 

Data for Construclion of Calibration Curve for Pt otopot phyi in 9 Dissolved 

in 25 Per Cent HCl 

Absoiplion nt HI m/u, mcasuicd with the Beckman spcctiophotometci , band 
w idth of 0 G mp 


Protoporph} rin 

Optical density, d = 1 cm 

K = 

Protoporphj rm concentration 
Optical densitj 

y per cent 

! 


20 

0 097 

206 

40 

0 196 

204 

so 

0 395 

205 

120 

0 5S7 

201 

11)0 

0 7S3 

204 

200 

0 97S 

201 

A\ crane 


204 5 


These obsenations aic consistent with less complete obseivations bj'’ 
Schumm (0) Fig 3, B shows that the specific extinction coefficient ic- 
mains pi act u all} constant in the langc of 5 to 25 pei cent IICl if the meas- 
uicmcnt is made at the wa\c-lcngth of maximum absoiption Fig 3, B 
also demonstiates that if measuiements aic cuiicd out at a single wmvc- 
Icngth, foi instance at 411 mp, an eiioi is intioduced In Fig 3, C the 
intensity of fluoicscencc of the piotopoiplnnn in diffeicnt IICl concentia- 
tions IS shown This has aheady been icpoited b} Giinstein and Watson 
(11) foi concentrations of IICl between 1 and 5 pei cent The intensity 
of fluoicscencc was measuicd with a Klett fluoiimeter, model 2070 ddio 
scnsitnit} coiiesponds to a st mdaid of fhioicsccncc of 0 1 mg of quinine 
sulfate 111 100 ml of 0 1 n sulfuiic acid with a potcntinmetci ‘-ctting it 
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300 Limp Filter 597 and pliotocell Filter 306 were used for the qummo 
fluorescence and pliotocell Filter 245 for the porphjim fluorescence A 
striking decrease of the intensitj of fluorescence AMth increase of the HCl 
concentration is e\ idcnt 



Fio 3 A, variation in wave-length of maMmum absorption of protoporphj rin 9 
associated with changes in concentration of HCl solvent B, specific extinction co 
efficient of protoporphj nn 9 in different concentrations of HCl when measured at the 
wave-length of maximum absorption compired with measurements at 411 m^ C, 
intensity of fluorescence of protoporphyrin 9 in different concentrations of HCl 

Details of Method — The modified method is essentially the same as that 
described by Gnnstem and Watson (11) except that only 2 ml of whole 
blood are required and the final extraction is made mth 25 per cent HCl 
instead of 5 per cent HCl The extraction with 25 per cent HCl reduces 
the numbei of extiactions necessary' md consequently reduces the volume 
of the Iinal solution 
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2 ml of blood aie measured mto a 15 ml conical centiifuge tube whicli 
IS then centiifuged and the plasma lemoved In a sepaiate sample of the 
blood a hematociit deteimmation is made The cells aie thoroughly 
mixed with 10 ml of a mixtuie of 3 volumes of ethyl acetate and 1 volume 
of glacial acetic acid This is added m successive poitions and is stiried 
with a glass lod It is impoitant to use chemicals of the gieatest possible 
punt}’' The mixtuie is allow^ed to stand a few mmutes imtil the precipi- 
tate has settled The supernatant is decanted tin ough filtei papei mto a sep- 
al atoiy funnel A peai -shaped separately fmmel of 100 to 125 ml is the 
most convenient The precipitate is washed wuth three successive 5 ml 
portions of the same extraction mixtuie and is decanted mto the same separa- 
tory funnel through the same filtei paper The filtrate is washed with 
three successive 7 to 8 ml poitions of distiUed water The combmed 
w'ashmgs aie exti acted with 5 ml of ethyl acetate to remove poiphyim that 
may have been washed out This ethyl acetate is added to the mam ethyl 
acetate solution Aftei complete separation of the water, the protopoi- 
phyrm is exti acted repeatedly with 2 ml portions of 10 per cent HCl 
until no further led fluorescence can be seen m the acid layer imder the 
ultraviolet light * 

A satuiated solution of sodium acetate is added until basic (red) to Congo 
red paper 1 ml of glacial acetic acid is added m order to reduce the tend- 
ency to foim emulsions The solution is extracted with successive 10 ml 
portions of ethyl ether (hydrogen peioxide-fiee) until no red fluorescence 
can be seen m the cthei layer under ultraviolet light Usually two ex- 
tractions aie sufficient to accomplish this The combmed ethei extracts 
aic ivashcd once with 2 ml of a 1 pei cent Na 2 C 03 solution to neutralize 
paitiallj’’ the acetic acid, and twice with 2 ml portions of distilled watei 
After complete sepaiation of the ivater (about 10 mmutes) the ether is 
extracted about 1 minute with 1 5 ml of 25 per cent HCl (25 gm of HCl 
per 100 ml ) Practicallj'' all of the protoporphyrm is removed with one 
cxti action A second extraction wuth 0 3 ml of the HCl is convenient m 
Older to remove HCl solution of the first extraction Oidmaiily the total 
volume of solution obtained is 3 ml , w'hich is sufficient for the absorption 
measurement with the Beckmim spectiophotoraetcr The optical density 
is measured with a band width of 0 G mfi and at a wave-length of 409 m^t, 
since the HCl concentiation of the final piotopoiphyrm solution is 15 pei 
cent (see Fig 3, A) hicasuiements should be made w'lthm the 1st hour 
Foi the calculation of the protoporphyim concentration the constant K 
= 204 IS used, K being the ratio of miciograms of piotopoiphyrm per 100 

* For this purpose the ultra\iolet lamp of the Hano\ia Chemical and Manufactur- 
ing Compain , Newark, New Jersey, or G W Gates and Company, Franklin Square, 
Long Island, New York, is recommended 
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ml of 25 per cent IICl divided bj {he optical density For 2 ml of blood 
and a final protoporpln rin solulion of 3 ml the following formula can be 
used foi the calculation of tlie free protoporphjmn per 100 ml of packed 
cells 


30, COO X E 
“ Hi 

in -which EP is the free crj throcyte protoporph 3 Tm in microgiams per 100 
ml of packed cells, E is optical density, and Ht is the volume of packed 
cells per 100 ml of blood 


Table II 


Rccoicry of Proloporphynn Added to Red Blood Cells from 2 Ml of Whole Blood 


Eipenmcnt 

No 

1 Protoporphyrin 
' in red cells per 100 
! ml packed cells 

1 Protoporph>*nn 

1 added 

1 

Concentration 

found 

Concentration 

calculated 

Reco\ cry 


y 

mBm 

y per cent 

-r fer cent 

fee cent 

1 

95 


128 

153 

84 

2 

87 


171 

190 

90 

3 

120 

0 21 

144 

149 

96 

4 

120 

0 42 

164 

178 

92 

5 

120 

0 63 

186 

207 

1 90 

6 

120 

0 84 

224 

236 

95 

7 

114 

0 59 

172 

189 

91 

S 

114 

1 18 

221 

264 

84 

9 

114 

1 77 

290 

338 

86 

Average 




1 

1 

89 8 


Recovery Experiment — A solution of eth^l acetate contammg a knowm 
amount of protoporphynn was added to red blood cells and the recoi enes 
measured These ranged from 84 to 90 per cent (average 89 8 per cent) 
(Table II) In Table III are shown the recoveries obtamed b 3 ^ addmg 
a known amount of protoporphyrm to a mixture of eth 3 d acetate and glacial 
acetic acid such as is used m extractmg protoporphyrin fiom the red cells 
The protoporph 3 Tm content was then measured b 3 '- cariymg out the vanous 
stages of the method w'hich we have desenbed It can be seen that the 
recovenes are of the same order as those obtamed wdien protoporphyrrm 
was added to red cells This mdicates that the loss of protoporph 3 ’Tm of 
approximately 10 per cent which occurred dunng the process of extraction 
(Table II) is probably due to destruction of protoporph 3 ’Tm rather than 
to retention m the residue 
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Duplicate Determinations — Table IV shows the results obtained in dupli- 
cate determinations of EP in samples of the same blood It is seen that 
the differences are not greater than 4 per cent 


Table III 

Recovery of Protoporphyrin Added to 3 1 Mixture of Ethyl Acetate and 

Glacial Acetic Acid 


Experunent No 

Protoporphynn added 

Protoporphyrin found ^ 

Recovery 


7 

7 

per cent 

1 

0 8 

0 74 

93 

2 

1 4 

1 28 

91 

3 

1 8 

1 69 

94 

4 

2 1 

1 89 

90 

Average 



92 0 


Table IV 


Duplicate Determinations in Blood at Various Concentrations of Protopoi phyrin 


Determina- 
tion No 

Protoporphynn in blood, 
per 100 ml packed cells 

Difference 

Determina- 
tion No 

Protoporphyrm m blood, 
per 100 ml packed cells 

Difference 


7 

y 

per cent 

■■ 

y 

y 

per cent 

1 

02 

60 

3 3 

mSm 

296 

295 

0 3 

2 

103 

99 

1 0 


275 

271 

1 5 

3 

162 

160 

1 2 

11 

313 

304 

3 0 

4 

167 

163 

2 4 

12 

331 

328 

0 9 

5 

176 

172 

2 3 

13 

441 

424 

4 0 

6 

188 

181 

3 9 

14 

517 

502 

3 0 

7 

258 

258 

0 0 

15 

506 

500 

1 ■' 2 

s 

1 

239 

236 

1 3 

16 

693 

686 

1 0 


Comment 

Since this method offeis good accuiacy for the measuiement of as little 
IS 0 3 7 of piotoporphyiin, and since noimal human led blood cells contain 
about 30 to 35 7 pei 100 ml , 2 ml of blood aie sufficient foi accuiate deiei- 
minations i\heii noiraal 01 increased values foi EP aic expected When 
lov \ allies aie found, 01 expected, a greatei quantity of blood should be 
used 


SUAIMARY 

A spectiophotometnc method for the measuiement of fiec co throc 5 'te 
piotoporpln nil in lod blood cells is described vhich requiies onlj a small 
amount of blood The method depends on measurement at the wave- 
length of maximum absorption of a final 25 per cent HCl extract 
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THE UTILIZATION OF ADENINE FOR NUCLEIC ACID 
SYNTHESIS AND AS A PRECURSOR OF GUANINE* 

Br GEORGE BOSWORTH BROWN, PAUL M ROLL, ALBERT A PLENTL, 
AND LIEBE F CAVALIERI 

(From the Lahoratoncs of the Sloan Keticnng Institute for Cancer Research, 

New Yorl) 

(Received for publication, October 22, 1947) 

It IS itell knoivn that organisms are able to synthesize the purines ishich 
they require for nucleic acid formation (1-4) and recent w ork inth labeled 
compounds has produced evidence as to precursors which are mvolved 
Ammoma (5), acetic acid, lactic acid, and carbon dioxide (6), formic acid 
(7), and glycme (6, 8) senm as biological precursors of unc acid, and pre- 
sumablj'' of the punnes from v hich unc acid, at least m part, is denved 
Despite the fact that the orgamsm is able to s 3 mthesize the punnes which 
it reqmres, it is to be expected that punnes present m the diet will be m- 
corporated into the tissues together inth those bemg sjmthesized by the 
body This possibihty of the mcorporation of a dietary punne mto the 
nucleoproteins was mvestigated by Plentl and Schoenheimer (9) who fed 
guamne labeled i\ ith isotopic nitrogen to rats and to pigeons They found 
no mcorporation of the isotope mto the punnes of the tissue nucleic acids 
but extensive conversion of the guanme mto allantom m the case of the 
rat and mto unc acid m the case of the pigeon Parallel experiments m 
vhich the isotopically labeled pymnidmes, uracil and thymme, Mere fed 
shoMed that neither of these contributed any of their nitrogen to the synthe- 
sis of nucleic acids From these results, the authors concluded (9) that, 
“Neither purmes nor p 3 Uimidmes supplied m the diet are utilized bj'- the 
body for the synthesis of nucleoprotems,” and this apparent exception to 
the dynamic concept of metabolism provokes speculation (10, 11) 

The punne adenme is found not only m the nucleic acids but also m the 
adenosine triphosphate of muscle and as a structural component of certam 
coenzymes In addition, adenme and its denvatives exhibit certam pro- 
foimd physiological and pharmacological effects not shown by guanme It 
seemed possible that the metabolism of these tv o compounds might m ell be 
different Therefore, it m as decided to extend the observations of Plentl 

• The authors gratefully aoknon ledge the use of funds from the Office of Naval 
Research and the Barker Welfare Foundation 

A preliminary presentation of this material was made before the American So- 
ciety of Biological Chemists, Chicago, May, 1947 
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ADEXINE IN NUCLEIC ACID SYNTHESIS 


and Sclioenliemiei and to imestigate the possibility of the mcoipoiation of 
adenine into tissue constituents , 

Vdenine containing an excess of isotopic niti ogen in positions 1 and 3 of 
Ihe purme nng uas synthesized b}’’ the method of Baddilev, Lythgoe, and 


HPl 

HCN + CsHsOH HC 

\ 


NH HCl 


+ 


NH 


CH 


CN 

1 

+ CH— N=N— CtHo 


OCiHo 


NaOC.Hs 
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NHs 


^ HC 
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NH. 
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NH. 

1 

C 
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C 
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1 C— NHCHS 


1 
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1 

: C— NH 

HC C- 



x*/ 

N 


N 

(\) 


Adenine 




CH 


1 odd (12), as oulhned in the accompam ing scheme 'Jdiis adenine was fed 
to adult male, Sheimnn strain rats To guaid against negative lesults due 
to msuHicient adenine, it was desiiable toadmmistei the compound in huge, 
but not m toxic (13), imounts Prchmman expeiiments indicated that 
lats of this stiain could be fed adenine m amounts at least as large as 250 
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nig pel lulo of body iieiglit pei daj' for a week without the appearance of 
any sj-niptoms of lovicit} , although ivith a somewhat mcreased water con- 
sumption 111 E\pei mient I with isotopicalty labeled ademne, a total of 600 
mg of adenine per kilo of rat w as administered to the animals at the rate 
of 200 mg per kilo per day In these experiments the mixed nucleic acids 
were isolated from the combined mtemal organs, with no attempt to sepa- 
rate the pentose and desoNj-pentosenucleic acids It w^as foimd that a 
large amount of isotopic nitrogen of the dietary adenme had been mcor- 
porated into the nucleic acids (Table I) Degradation of these nucleic acids 
and separation of the adenme and the guamne revealed that not only the 
adenme but also the guamne contamed isotopic nitrogen The results 
shown m Table I mdicate that m Experiment I a total of 13 7 per cent 


Table I 

Feeding of Isotopic Adenine {200 Mg per Kilo per Day) 



Atom per ceot excess 

1 N» 

Atom per cent N** calcu- 
lated on basis of 100 per cent 
N^in adenine fed 

Ademne (dietary) 

6 29 

100 

Sodium nucleic acids 

0 386 


Ademne picrate 

0 536 


“ (calculated from picrate) 

0 857 

13 7 

“ hydrochloride 

0 850 


Guamne 

0 513 

8 2 

Silver pymmdines 

0 00 

0 0 

Adenosine tnphosphate 

0 160 

2 6 

Allantom 

1 70 

27 0 

Ammoma 

0 02 

0 32 

Urea 

0 018 

0 29 


of the adenine and 8 2 pei cent of the guamne of the nucleic acids was 
derived from the dietary adenme durmg the penod of this experiment On 
the other hand the pynmidmes, isolated as their silver salts, contamed no 
isotopic mtrogen and weie therefore not denved from the purmes 
The small concentration of found m the adenosme tnphosphate 
(ATP) isolated from the muscle mdicates that this nucleotide can also be 
formed from dietary adenme, although more slow ly 

Allantom, urea, and ammoma w ere isolated from the pooled urmes Of 
the allantom excreted durmg the experiment, 27 per cent w as den\ ed from 
the adenme that had been fed On the other liand, that there w as x erj’- 
little degiadation of the purmes to either ammoma or to urea was mdicated 
by the presence of onl}*^ trace amounts of isotopic mtrogen m these sub- 
stances 
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This first level at which adenine w^is fed, 200 mg per kilo per day, is 
abnoimallj'^ high and may be approachmg the level at which toxicities may 
be obsen^ed Therefore, Experiment II was earned out m which the 
amount of adenine fed pei day w’as w ell below’^ the amount of purines nor- 
mally metabolized by the animals From the data of Ada oyd and Hopkins 
(14), it may be calculated that lats on a biead and milk diet excieted 262 
mg of allantoin pei kilo pei day, while Leone (15) finds 60 to 140 mg of 
allantom produced per kilo pei da}*- on diets stated to be puiine-fiee For 
Experiment II a level of 27 mg per kilo pei daj' w^as chosen as being wtII 
below the amount of puiine normallj'- turned ovei pei day and as being 
equivalent, on a molar basis, to the low er level at w hicli guanine was fed 
in the oiiginal experiments of Plentl and Schoenheimer (9) The crude 
sodium nucleates weie isolated as m the fiist expeiinient and in addition 
coppei puiines w^ere isolated diiectly fiom the dehydrated mteinal organs 


Table II 

F ceding of Isotopic Adenine {27 Mg per Kilo per Dap) 



Atom pet cent excess 
Ni‘ 

Atom per cent N‘*, calcu 
lated on basis of 100 per cent 
N<*in adenine led 

Adcmnc (dietary) 

6 29 

100 

Copper purines 

0 23 


Purine hj drochlondes 

0 23 


Adenine picrate 

0 21 


" (calculated from picrate) 

0 34 

5 4 

Guanine 

0 20 

3 2 

Adenosine triphosphate 

0 002 

0 03 

Allantoin 

0 348 

5 53 

Urea 

0 003 

0 05 

Muscle protein 

0 00 

0 0 


The coppei puiines isolated fiom the tissues and the mixed puime hydio- 
chlorides isolated fiom the ciudc nucleic acids i^ontamed the same atom 
per cent excess N*® Isotope analyses (Table II) on both the adenine and 
guanine isolated fiom the mixed purine hydi ochloi ides show^ed that at this 
lo\ ei level theic was a moie efficient utilization of the dietaiy adenine foi 
the foimation of nucleic acids Thus, although the amount of adenine m 
the diet was onh 13 5 pci cent of that in Expeiiment I, the absolute amount 
of isotopic niti ogen in the pui mes of the nucleic acids w as 39 per cent of that 
m Expeiiment I It is piobably significant that in each experiment the 
nucleic acid adenine and the nucleic acid guanine were denied from the 
dietarv adenine in the same latio, that is 1 0 0 CO 

At the lowei Icicl of intake the incoiporation of the nitiogen of the 
dietan adenine into muscle VTP was negligible within expenmental error, 
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although, had the utilization for this purpose been even proportional to 
the amount in the diet, the isotopic nitrogen v ould have been easily detect- 
able It Mas also slioMTi that the nitrogen of the muscle protein not 
dem ed from the dietar} adenine 

Because of the marked difference betiieen these results and those of 
Plentl and Schoenheimer, it Mas decided to repeat the feeding of guanine 
but at a much higher lea el than m as used by these investigators Guanme, 
containing an excess of N*® in positions 1 and 3 of the nng and in the 2- 
ammo group, Mas prepared as prevnously desenbed 

O 



Table III 


Feeding of Isotopic Guanine (854 Mg per Kilo per Day) 



Guanine (dietary) 
Sodium nucleic acids 
Copper purines 
Allantoin 
Urea 


Atom per cent excess 

Atom per cent N** calcu- 
lated on basis of 100 per cent 
K“iii guanme fed 

6 40 

100 

0 009 

0 14 

0 00 

0 0 

2 02 

31 9 

0 115 

1 80 


The conditions undei Mhich this guanme Mas fed Mere the same as in 
the adenine feeding It m as fed at a level of 327 mg of guanme sulfate per 
kilo of body m eight per day, Mhich is equualent, on a molar basis, to the 
higher level of adenine feeding The results obtamed (Table III) com- 
pletely confirm those of Plentl and Schoenheimer There is no evidence, 
even at this higher level of guamne feedmg, of mcorporation of dietary 
guanme into nucleic acids The slight concentration of isotope found m 
the nucleic acids is of the order expected (5) to anse by s3mthesis from iso- 
topic ammonia contnbuted to the body pool of ammoma from the 2-ammo 
group of the isotopic guanme, as is the small concentration found m 
the unnarj urea Just as Mas foimd by the previous investigators, a large 
part of the unnarj illantom arose from the dietary guanme 
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To investigate the mechanism of conveision of adenine to guanine, a 
sample of the guanme sulfate isolated from the nucleic acids in Expeiiment 
I vas degiaded One poition of the guanme sulfate was deammated to 
xanthine Anothei part vas oxidized hy potassium chi oi ate to guanidine, 
which was isolated as the picrate If all of the of the guanine sulfate 
were in positions 1 and 3, the concentiations of the xanthine and guani- 
dine Mould be, lespectivelj'-, five-fouiths and five-thirds of the concen- 
tration of the guanme This was found to be the case (Table IV) and 
shoived that the guanme deiixed fiom the dietaiy adenine still letamed 
the isotopic nitrogen m positions 1 and 3, suggesting that the puiine iing 
had remained mtact thioughout the conveision of adenine to guanine 


Table IV 

Dcgradahon of Guamne 



Atom per cent excess 
N15 

Calculated for N” from 
positions 1 and 3 only 

Guanine sulfate 



Xanthine 


0 64 

Guanidine picrate 



“ (calculated) 


0 86 


The position of the isotopic nitiogen in the uiinaij’- allantoin fiom Expei- 
iment I ivas also mvestigatcd The allantoin vas degiaded by reductive 
splitting to hydantoin (see the accompanying foimiilas), the isotope con- 
tent of which was exactly the same as that of the allantoin fiom which it 


0=C NH 


\ 

c=o 


NHjCONH— CH— NH 


HI 

^ 


0=C NH 

\ 

c=o 


I / 

CH-— NH 


Allnntoin 


Hydantoin 


was dciivcd Thus the isotopic nitiogen, oiigmally pieseiit in the 1 and 3 
positions of the purines, had become unifoimly distiibuted between the 
imidazole and uiea moieties of the allantoin, and this suggests the foima- 
tion of a sjonmetiical intermediate at some stage’ in the degiadation of 
the puiines to allantoin 

* The feeding of uric acid, labeled in the 1 and 3 positions, has also been carried 
out in this laboratorj (42), with the finding that the isotopic nitrogen became 
bimilarh distributed in the allantoin derued from it, and it is probable that the re- 
distribution of the nitrogens of the adenine and guanine took place at the uric acid 
oxidation stage 
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EXPERI^rDNTAri 

Formamidiuc Hydrochloride {16 ) — 500 cc threc-necked flask, having 
ground glass joints, iias equipped with a stnier, with a sintered glass gas 
inlet tube which led to the bottom of the flask and which was mterchange- 
able on this neck with a separator^' funnel, and with a second inlet tube 
and a graduated scparatoij'' funnel on the thud neck This second inlet 
tube was attached to a s} stem consisting of a cylinder of hydrogen cyanide,- 
followed bj a flask containing a little phosphoius pentoxide, tliree calcium 
chloride tubes, and an ice-coolcd spiral condenser (17) The phosphorus 
pentoxide-containing flask and the calcium chloride tubes were immersed 
maw ater bath at 40° All of the glassw ai e w'as dried in the oa en and 
assembled while hot 

The graduated sepaiatorj’- funnel was paitially filled wuth ethanol freshly 
distilled from sodium ethylate and the second separatory funnel was filled 
with 200 cc of ether freshlj"- distilled from butyl magnesium bromide 
After the apparatus had been weighed and attached to the dry hydrogen 
cyamde system, the mam flask was surrounded by a bath at 40° A few 
cc of hydrogen cyanide were allowed to flow fiom the tank onto the phos- 
phorus pentoxide and to distil from there through the calcium chlonde 
tubes and to be condensed mto the mam flask T^Tien an appropnate 
amount had been condensed, the apparatus was disconnected, quickly 
weighed, and then returned to the ice bath The w eight of hydrogen cya- 
nide collected (about 6 25 gm ) w'as calculated, and the ethei and slightly 
over 1 equivalent of ethanol were mtroduced (16 cc of ethanol for 6 25 gm 
of HCN) Stimng was begun and dry hydrogen chloride was mtroduced 
through the smtered glass inlet tube at a rapid rate When the ether be- 
, came saturated wuth hydrogen chlonde and the precipitation of formimido 
ethyl ester hydrochlonde had begun, the mtroduction of dr}”- HCl was 
ended and the stimng and coohng were contmued for 3 or 4 hours, or over- 
night 

The smtered glass inlet tube was then connected to a vacuum system and 
the ether was drawn off A little more ethei w as then added through the 
separator 3 ^ funnel and diawn off About 100 cc of cold dr 3 ’- alcohol, con- 
tammg slightly less than 1 equivalent of drj-- isotopic ammoma (3 6 gm 
for 6 25 gm of HCN), which had been prepared (18) m the meantime, 
w ere added through the ether separatorj'- funnel AH transfers w ere made 
with complete exclusion of moisture The formirmdo ester dissolved and 
the crystallization of formamidme hydrochlonde (I) began when the solu- 
tion w as cooled in a drj ice bath The mother liquors w ere then removed 
through the smtered glass tube as before The imchanged ammonia w as 
lecovered from the mother liquors 

’ AmoncBn Cj anamid Companj 
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The lattei step may also be earned out by sealing fonnimido estei hydro- 
chloride and isotopic ammoma in ethanol m a glass tube and heating at 
100° foi 1 hour 

Isotopic Adenine — The synthesis of 4,6-diammo-5-phenylazopyiimidine 
(III) lias earned out accoiding to the pioceduie of Baddiley, Lj’-thgoe, and 
Todd (12) by adding immediately plienylazomalonomtrile (II) and sodium 
ethylate to the formamidine hydrochlonde m the flask m which it was pre- 
pared The remainder of the synthesis was earned out accoidmg to the 
pioceduies of these authors 

In the final cyclization of the 5-thiofoimamido-4,6-diammopyrimidme in 
water as desenbed by these authois, a pine pioduct was not obtained 
About 65 pel cent of it was adenme and about 30 per cent w^as a more sol- 
uble compound, obtained chiefly m the second and thud ciops This lattei 
has pioved to be the 5-foimamido-4,6-diaminopyrimidme, which possesses 
an absoiption spectioim almost identical with that of adenme but which 
may be readily distinguished fiom adenme by its distiibution constant (70 
m a butanol-1 M phosphate system, pH 6 5® In this system adenme shows 
a 7C of 2 2 to 2 5, varymg somew'hat with concentration, while the 5-form- 
amido4,6-diaminopyrimidine shows a of 0 225 The sample of adenine 
used in the biological expeiiments w'as leciystallized from w'atei and was 
shown to be at least 98 pei cent homogeneous w4ien characteiized by a 
tw'enty-foui plate countei-cuiient distribution (19, 20) 

One nitrogen containing 32 0 atom pei cent e\cess N“ was mtioduced into 
the foimamidine used, lesulting m 16 0 pei cent m each of the 1 and 3 
nitrogens of the purine i mg of adenme, or a theoretical value of 6 40 atom 
per cent excess aveiage content for the molecule The atom per cent 
excess'' was found to be 6 29 

CJIsNs Calculated, N 51 9,® found, N 51 4 

Guamdvie Nitrate — Guanidine nitiate was piepaied accoidmg to the pro- 
cedure of Davis (21) Dicyandiamide (4 3 gm ) w'as fused with 9 gm of 
ammonium nitiate, the ammonui of which contained 32 atom per cent 
excess N'®, and 10 8 gm of guanidine nitiate weie obtained, or 86 per 
cent of the theoictical jueld 

Guanine Sulfate — Guanine sulfate was piepaied accoidmg to the pio- 
ccduie of Tiaube (22), with the modifications of Plentl and Schoenheimer 

’ J r Tinker, unpublished data 

* The authors wish to express their ajipreciatiou to the M W Kellog Company, 
to Mr V n Dibelcr and Dr F L ^lohler of the National Bureau of Standards, and 
to Mr Stev en Friedland of this laboraton , for the isotope analyses The degree of 
precision possible was not alwajs the same, ns a result, some figures are quoted more 
preciselx than others 
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(9) Guanidine nitrate was treated mth ethyl c 3 ’’anoacetate in anhydrous 
methanol containing sodium methjdate The resulting 2,4-diamino-6- 
h3'dro\3T33Tunidine i\as obtamed as the sulfate (58 per cent yield) and 
mtrosated (90 per cent 3 ueld) This denvative was reduced to the cor- 
respondmg 2,4,5-triammo-6-h3'drovypyrimidme compound iihich was ob- 
tained as the sulfate (65 pei cent 3 neld) Treatment of this triamine ivith 
formic acid 3 aelded guanme sulfate (73 per cent 3 neld) The ovei-all yield 
based upon the ammonium nitrate used w as 21 per cent Isotope anaty- 
sis shon ed an atom per cent e\cess N'‘ of 6 40, which is equal to the ex- 
pected value 

(CtHjONt)! H.SOi 2HjO Calculated, N 32 5,‘ found, N 32 2 

Feeding Experiments — All animals used were Sherman stiain rats ob- 
tamed from Rockland Farms The 3 ’’ were kept m metabolism cages w'hich 
permitted collection of urme wath minimum contamination of feces Dail 3 ’’ 
quotas of food were offered them each afternoon The lats weie mam- 
tamed on an unsupplemented diet for 4 da 3 ’^s immediately piior to the 
experiments The adenme as the hydrochlonde and the guanme as the 
sulfate were mixed wath pulvenzed and moistened Rockland rat diet (com- 
plete), the stock diet to which the rats were accustomed In all experi- 
ments the supplemented food w^as fed over a 3 day period On the 4th 
day the animals were given normal food, and were sacrificed at the end'of 
that day The urine voided dunng these 4 days w as combmed Duiang 
the process of collection it w as diluted wath about an equal volume of w ater 
The rats were anesthetized b 3 ’' an intrapentoneal injection of 1 cc of 25 
per cent urethan Several small injections of 25 per cent magnesium sul- 
fate were then given at short intervals until death resulted The thymus, 
lungs, heart, hver, kidneys, spleen, testes, and small intestine w ere imme- 
diately removed and dropped into a dry ice-ethanol freezing mixtui e The 
mtestines were first opened lengthwise, w ashed, and cut mto small pieces 
The leg and back muscles w ere removed and quickty frozen on a block of 
dry ice 

Adenine Feeding, Experiment I — ^Five adult male rats wath a combmed 
weight of 1133 gm ''ere fed a total of 680 mg of adenine (6 29 per cent 
excess N“) as its hydrochloride, admixed wath 272 gm of food ovei a 3 da 3 ’’ 
penod These animals gained a total of 147 gm durmg the 7 da 3 penod 
and in succeeding experiments the food intake w as reduced from 80 to 60 
gm per kilo of body weight per day 

Adenine Feeding, Experiment IT — ^Two adult male rats weiglung a total 
of 602 gm were fed 48 mg of adenme (6 29 per cent excess admuxed 

» Corrected for content of isotopic nitrogen 
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1 th 145 gm of food, over a peiiod of 3 days Then weight lemamed con- 
stant 

Gxiamne Feeding, Eipeiimcnt III — ^Foui adult male lats neighing a total 
of 1162 gm weie fed 780 mg of guanine (6 40 pei cent excess N^'’) as its 
sulfate, admixed with 210 gm of food, ovei a 3 day period Then weight 
lemained constant 

Isolahon of Nucleic Acids — The mixed mteinal oigans, while still fiozen, 
weie homogenized with ethanol in a Waring blendoi The mixtuie was 
hlteied and the lesidue was suspended in hot ethanol This was lepeated 
once moie nith ethanol and once mth ethei The final residue was a 
nhitc powdei From 16 to 20 gm of dehydrated tissue weie ohtamed pei 
kilo of lat 

The sodium salts of the mixed nucleic acids weie exti acted by 10 pei 
cent sodium chloiide solution and the fiee nucleic acids weie prepared (9) 
An avei age yield of 0 8 gm of nucleic acids was obtained fi om 20 gm of 
dohydiated visceia 

Isolahon of Punnes and Pynmidines — The nucleic acids weie hydiolyzed 
and the punnes veie isolated by the method of Levene (23) A total of 
101 mg of ciude guanine, which yielded 78 mg of puie guanine sulfate, 
was obtained in Expeiiment I 

(CoHtpONs): IIjSO^ 2 H 2 O Calculated, N 32 1, found, Experiment I, N 32 3 

The adenine was isolated as the piciate and the pioduct was lecij'^stal- 
h/cd tliiee limes In Expeiiment I 140 mg w^ere obtained 

CsHcNs CcIIjOtN, H 2 O Calculated, N 29 3, found, N 29 1 

The adenine piciate® was chaiacteiized by countei-cuiient distiibution 
malysis and absorption spectrum and was furthermore showm to be 
flee of guanine Similaily, the guanine {K = 0 48) was shown to be fiee 
of adenine 

The adenine picrate was also dissolyed m dilute hydiochloiic acid, ex- 
li acted with ethei, and adenine hydrochloiide was isolated aftei concen- 
tiation of the solution 

The filtiatc fiom the precipitation of the mixed puiine hydrochloiides 
was used foi the picpaiation of silyei pyrimidines It wns eyapoiated to 
a syinp, in vacuo, and 6 cc of 6 n HCl wme added pei gm of fiee nucleic 
acid The solution wns heated in a bomb tube at 180° foi 3 hours and the 
icsiduc was removed by filtiation Fiom the solution the silvei pyiimi- 
dines wcic picpaied bj’’ the method of Kosscl as desciibed by Levene (24) 

In Expeiiment II coppei punnes weie also isolated diiectly fiom a poi tion 
of the dolndiatcd \isceia accoiding to the pioceduie of Graff and Maculla 
(25) 
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Tsolahon of Bainnn Salt of ATP — ^The fiozen muscle was used for the 
isolation of the baiium salt of ATP according to the procedure of LePage 
(26) Air average yield of 130 mg from 100 gin of muscle was obtained 

Cl JlttOuNtP Ba 4H.0 Calculated N 8 2. F 10 9 

Found E\pcriment I, N 8 4, P 10 0 
' <• “ II, “77,“ 95 

The anahdical data for Expeiiment I mdicate a nitrogen to phosphorus 
mole latio of 5 0 2 7, or a product repiesentmg 70 per cent ATP and 30 
per cent adenosme diphosphate Foi E\periment II the N P ratio is 
50 28 

In prelimmarj’’ experiments magnesium sulfate anesthesia did not quiet 
the lats satisfactonty and low^ yields of ATP were obtained With the 
prelimmaiy uiethan anesthesia, followed by magnesium sulfate, the animals 
succumbed inthout convulsions and excellent yields of ATP were obtained 
The muscle residue, after the extraction of the ATP by cold trichloro- 
acetic acid, was used for the preparation of nucleic acid-fiee protem A 
portion of the residue w as extracted by boiling with 5 pei cent trichloro- 
acetic acid foi 30 mmutes The solid w'as lecovered by centrifugation and 
the extraction was repeated The mtiogen of this residue was obtamed by 
Kjeldahl digestion and w^as used for the determmation of the N*® content 
of muscle protem 

Isolation of Allantoin — ^Allantom was isolated from urine by a combina- 
tion and modification of the methods of Schaffer and Greenbaum (27) and 
Wiechdw ski (28) 50 cc of diluted urme were placed m a 250 cc centn- 

fuge tube and 35 cc of 35 per cent phosphotungstic acid, which must be 
caiefulty purified preferably by recrystallization from ether (29), w ei e added 
The precipitate was settled by centrifugation and the supernatant was 
tested foi complete precipitation To the solution w^eie then added 35 cc of 5 
per cent basic lead acetate solution, and the tube was agam centiifuged and 
again tested foi complete precipitation by this reagent The supernatant 
w as separated by decantation and mixed wuth 35 cc of 5 per cent sulfuric acid 
It w as agam centnfuged and the solution filtered to remove the last trace 
of lead sulfate The solution was then neutralized to litmus wath 5 per 
cent sodium hydroxide solution and the allantoin was precipitated by the 
addition of 100 cc of a solution containing 1 gm of mercuric acetate and 
10 gm of sodium acetate After standing overnight the flocculent pre- 
cipitate of mercury allantoin w^as collected bj’- centrifugation and washed 
tin ee times with w atei The solid was dried m vacuo over P2O5 About 0 6 
gm of the diied mateiial w^as usually obtained fiom 100 cc of the diluted 
urme The solid w as ground up wnth water m a mortar and decomposed 

• Picric acid, K = 9 25 
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wth hydrogen sulfide Aftei the removal of mercunc sulfide, the solution 
vas aerated and was then concentrated in vacuo to about 2 to 5 cc The 
allantoin, i\hich crystallized uhen the solution u as cooled in the refrigeratoi 
overnight, vas dissolved in the minimum amount of hot watei, treated vath 
Darco, filteied, and again allowed to crystallize The reciystalhzation was 
repeated and the piismatic ciystals vere dried in vacuo Amounts vary- 
ing fiom 40 to 129 mg pei 100 cc of diluted urine weie obtained In 
Expenment I tu o portions yielded samples of allantoin amounting to 129 
and 112 mg 

C«HeOjN4 Calculated N 35 5 

Found Experiment I, N 35 7 
“ “ II, “35 9 

“ “ III, “36 0 

Isolation of IJica and Ammonia — Duplicate samples of the urea veie 
isolated as the dixanthydiol deiivative as desciibed by Fosse (30) 2 cc 

of urine veie dissolved in 24 cc of watei and to this solution weie added 
50 cc of glacial acetic acid, followed bj'^ 5 cc of a fleshly piepaied 5 pel 
cent solution of \antMdiol in methyl alcohol In a few minutes a silveiy 
piecipitate sepaiated Aftei half an houi 10 cc of uatei weie added and 
the suspension u as left ovei night The pi ecipitate tv as collected and dried 
in vacuo The dixanthydiol uiea uas then leciystalhzed tliiec times fiom 
glacial acetic acid after tieatment uith charcoal 

CjtHjiObN: Calculated N 6 7 

Found Experiment I, N 6 9 

“ “ II, “62 

“ “ III, “68 

The ammonia vas lecoveied fiom 5 cc samples of the filteied mine 
accoidmg to the peimutit method of Fohn and Bell (31) The suspension 
of ammonia-peimutit vas decomposed with NaOH and the NHa was col- 
lected m HCl foi isotope analyses 

Degradation of Guanine Isolated fiom Nucleic Acids — The pioceduie of 
Stiecker (32) for the degiadation vas simplified as follotis A 41 mg sam- 
]ile of guanine sulfate was suspended in 3 cc of concentrated hydiochloiic 
acid To this weie added in one poition 35 mg of potassium pei chlorate 
The solution was stiued and let stand for 5 minutes and then placed in a 
watei bath at 50-60° foi 35 minutes, after which time all of the solid mate- 
rial had gone into solution The solution was then evaporated to diyness 
under dimmished piessure and the lesidue extracted with two 10 cc por- 
tions of absolute ethanol Aftei filtration, the solution was evapoiated to 
I cc 3 cc of water weie added and the whole was evapoiated to 1 cc 
The solution was filtered and 0 5 cc of saturated piciic acid was added 
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After standing overnight in the ice bo\ 18 mg of guanidme picrate sepa- 
rated Recrj stalhzation from iiater yielded 10 mg of pure product 

CiHsChNe Calculated, N 29 1, found, N 29 0 

In a pilot experiment the degradation of guanine to \anthme by the 
procedures descnbed (9, 24) gave a product decomposmg above 150° 
(guanine decomposed above 360°) 

CsHiOilCi Calculated, N 36 8, found, JC 36 6 

Degradation of 26 mg of the guanme sulfate isolated in Experiment I 
juelded 13 mg of \anthme decomposmg above 150°, all of nhich vas uti- 
lized for isotope anatyses and no elemental j anal 3 ^sis nas obtamed 

Degradation of Allanloin — The allantom isolated m Experiment I nas 
degraded to hydantom accordmg to the procedure descnbed m a prenous 
commumcation (33) The atom per cent excess m the allantom was 
1 70, the hydantom obtamed from it contamed 1 71 atom per cent excess 

CjHiOjNj Calculated, N 28 0, found, N 28 2 
DISCUSSION' 

As a result of these ex'penments demonstratmg mcorporation of ingested 
adenme mto nucleic acids, the concept that dietarj’- purmes and pymmdmes 
m general are not precursors of the tissue nucleic acids must be modified 
However, the circumstance that mgested guanme, as well as uracil and 
thymine (9), are not incorporated as structural components of the tissue 
nucleic acids still remains an anomaly 

There must be at least tvo pathways for the utihzation of dietary' ade- 
nme, smce, m Expenment I, the per cent mcorporation of dietaiy adenme 
mto allantom was much greater than the per cent mcorporation mto the 
nucleic acid purmes Thus, as m the case of guanme, a pathway exists 
for the direct oxidation of adenme to allantom without pnor incorporation 
mto the nucleic acids 

As IS shown by the lesults of Ex-peiiments I and II, an increase in the 
amoimt of dietaiy adenme available mcreases the mcorporation of it mto 
the purmes of the nucleic acids However, the ratio betw een the nucleic 
acid-adenme and the nucleic acid-guanme arising from mgested adenme was 
the same m the tw o experiments Thus the step of conversion of ademne 
to guanine is independent of the amount of dietar 3 '- ademne bemg utilized 
for nucleic acid S3Tithesis 

The small replacement of the adenme of the ATP of muscle w ould appear 
to rule out the possibilit 3 of ATP bemg an mtermediate in the incorpora- 
tion of adenme into nucleic acids This beha\aor of the adenine moiet 3 
parallels the small uptake of mtrogen from administered isotopic ammonia 
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(5) and the veiy slo\\ e\cliange, with moiganic phosphate, of the phos- 
phate csteiified with the iibose (34, 35) It may be that the dispiopoition- 
ately gieatei incoipoiation of adenine into ATP when the laigei amount 
was present in the diet lepiesents an alteiation of a noimally veiy slow 
tin novel of the ATP skeleton and that this phenomenon is i elated to the 
toxicity of laige doses of adenine 

The finding that adenine is tiansfoimed into guanine necessitates a new 
appiaisal of the relatne idles of the two puiines Perhaps only adenine is 
synthesized vivo fiom smallei pieciiisois and all othei puimes aie deiived 
fiom adenine In connection with this it is inteiestmg to note that among 
\-iay-induced mutants of Neinospoia ciassa forty-five ademneless mutants 
but no guamneless mutants have been detected (36), although one gitamnc- 
less mutant of the mold Ophiostoma midhanmdatum has been obtained (37) 
If the synthesis of adenine fiom vaiious small piecuisois involves manj'’ 
stages while the conveision of adenine to guanine lequiies few, the oppoi- 
tunily to destioy a gene conti oiling a step m the synthesis of adenine is 
much gieatei 

The conveision ot adenine to guanine with the ictention of the isotopic 
nitrogen m the I and 3 positions of the pin me ring implies ictention of the 
intact puiine iing and changes only in the substituents in the 2 and 6 
positions If ficc puiincs aie involved in this tiansfoimation of adenine 
to nucleic acid guanine, guanine itself cannot be an intei mediate and like- 
wise xanthine, which is piosumably an intermediate in the in vivo oxidation 
of the ingested guanine to allantom, can be eliminated as one of the possible 
mtermediates 

On the othci hand it is quite possible that the conveision of adenine to 
guanine im oh cs dei ii atives of the tw o pin mos, foi instance, it may be that 
adenine is hist tiansfoimed into its nucleoside oi nucleotide, which is then 
convoitcd to the coiiesponding guanine deiivative and both may be used 
foi niuleic acid synthesis \denosme so foimed wmuld also be a logical 
pi 01 111 SOI foi the synthesis of ATP If labeled guanosine w'eie available, 
it would be inteiestmg to deteimine whcthci this compound would entei 
into the stun tine of the nucleic acids and experiments on the sjm thesis of 
labeled guanosine nie imdei way at this time 

It is conceu able, howoi ei, that adenine m the nucleic acid molecule may 
bo ti insfoimed in wbi into guanine and that guanine, when hboiated fiom 
the nucleic acid may only be degiaded to its end-pioducts Recent em- 
]ihasw (38-40) upon possible deviations fiom the occuiience of the two 
]nuines m a I 1 latio in nucleic acids ind the demonstration (41) of a 
jihosphon lase capable of the diioit lemovil of guanine fiom a nucleic acid 
uc m accoid with such a thought 
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SUMAIARV 

Adenine containing an excess of isotopic nitrogen in positions 1 and 3 
of the purine ring has been stmthesized 
The incoipoi ation of ingested adenine into the tissue nucleic acids and to 
a smallei extent into the adenosine triphosphate of muscle has been chown 
to occui in the lat 

The role of adenme as a metabolic precursor of nucleic acid guanine has 
been demonstrated 

The observation that dietarx^ guamne is not at all utilized for nucleic acid 
sjmthesis has been conhinied 

Evidence that adenme and guamne, eitliei fiee or as components of 
nucleic acids, are not precursors of pyrimidines \\ as obtained 
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FURTHER STUDIES ON THE METABOLISM OF TRYPTOPHAN 
AND NICOTINIC ACID BY THE RAT AND 
OTHER ANIMALS* 
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Several leports are available which show that when relatively large 
amounts of l- oi nn-tryptophan are fed to ammals a marked nse in the 
unnarj excretion of mcotimc acid, N'-methylmcotinaimde, oi both occurs 
(1-8) Othei voik ivith rats and chicks fed diets contaimng com, gelatin, 
or other tr 3 ''ptophan-deficient proteins and low in mcotimc acid suggested 
that components of the diet other than tryptophan may markedly influence 
the rate of grouth (8-11) Specifically the type of protein and carbohy- 
drate in the diet apparently alter the abihty of the ammal to utihze the 
dietary tryptophan efficientlj'’ as a source of mcotimc acid oi affect the 
intestinal sjmthesis of mcotimc acid Further, recent studies have re- 
vealed that vitaimn Be-deficient ammals cannot effectively convert trypto- 
phan to mcotimc acid and its denvatives (12, 13) The present study i\as 
conducted to obtain further information on the interrelationship of trypto- 
phan and mcotimc acid, vith the mam emphasis on the effect of the level 
and kind of protein and of caibohydiate on the rate of growth and urinar}’- 
excretion of mcotimc acid and N*-methylmcotmamide 

EXPERIMENTAL 

Studies mth Rats — ^Weanhng albino rats w'ere used and fed the expen- 
mental diets for a penod of 4 weeks The ammals were housed m single 
cages and food and water weie supphed ad libitum Unnary collections 
were made dunng the 3rd to 4th i\ eeks for successive 2 or 3 day periods 
The unne from two rats fed the same ration was pooled for each period of 
collection Yfithin any one expenmental senes, therefore, collections 
were obtained from at least four rats w hich comprised two pooled collec- 
tions In all cases collections were made from the expenmental groups in 
each senes at the same time m oider to obtain data for comparable penods 
for all groups The methods of analysis to determine the unnary excretion 
of mcotimc acid, N'-methylmcotinanude, and tryptophan w ere the same as 
were desenbed m previous work (4, 12) 

* The technical assistance of Helen Keene and Patncia Sparks is gratefully ac- 
knowledged Certain phases of this work were supported bj grants from the United 
States Public Health Service and Swift and Companj 

485 



486 


TRVPTOPHAIs jVND IIICOTINIC ACID 


The basal chet used ^\as composed of (in pei cent) purified casein 12, 
Salts IV (14) 4, corn oil 4 7, foitified cod livei oil 0 3, cj’^tine 0 3, sucrose 
78 7, and the follomng B vitanuns pei 100 gm of lation thiamine 250 7 , 
r]bofla\un 300 7 , pyiidoMiie 250 7 , calcium pantothenate 2 mg , chohne 
100 mg , inositol 100 mg , biotm 10 7 , and sjmthetic pteioylglutamic acid 
(folic acid) 200 7 Conti ol gioups Aieie fed in adchtion 1 mg of nicotinic 
acid pel 100 gm The effect of vaiiations in the piotein level 01 kind of 
caibohj'diate in the basal 01 contiol diets on the giovth late and uiinaiy 
excietion vas studied and in each case the substitutions in the chet veie 
made foi an equal weight of suci ose The effect of feeding diets contaimng 
12 per cent casein, 12 pei cent casein and 12 pei cent gelatin, 18 pei cent 
casein, or 24 pei cent casein vath eithei sucrose 01 ceielose as the carbo- 
hydiate and with and without mcotimc acid on the late of giowth is shovm 


Table I 

EffccI of Amounl and Kind of Protein and Caihohydratc in Diet on Growth Rate of 
Rats Receiving Nicotinic Acid-Dcficicnt or Supplemented Diets 


Protem source 


Growth rate, 

Em per wk * 


Nicotmic acid added 

None 

1 mg per 100 gm 

Sucrose 

Ccrelose 

Sucrose 

Ccrelose 

12% ( nscin 

9 (12) 

23 (8) 

21 (12) 

30 (8) 

18% “ 

16 (12) 

33 (12) 

23 (12) 

31 (12) 

24% “ 

30 (S) 

33 (8) 

33 (8) 

34 (8) 

12% “ 4- 12% gelatin 

G (12) 

8 (8) 

23 (12) 

28 (8) 


* Tiic number of rals 111 each group is given m pirentbcses 


in Table I All expeiiments v eie lepeated at least once and m most cases 
tvace Foui rats vere used in each gioup in each senes and httei mates 
veie distiibuted as cciually as possible among the expeiimental gioups 
From the data piesented in Table I, it can be seen that the giov th latc of 
lals inci eased piogiessivch vhen 12, 18, and 24 pei cent casein was fed 
vnth suciose as the caiboh\dinte and no nicotinic acid added The 
grovth lates veie (onsulciabh moic lapid, ho\\e\ei, vheii ceielose vas 
fed msteid of suciose with 12 01 18 pei cent casein The giowdh lates foi 
lats fed suciose or ceielose with 24 pei cent casein weie essentially the same 
The addition of mcotinic acid mci eased the rate of giowdh with eithei 
celcl(^‘^e oi suciose when 12 pci cent c isem w'as fed, only slightl}’^ with 
suciose wlicn IS pci cent casein was fed, and not it all when ceielose was 
fed with IS per lent casein ni when ici close 01 sucrose was fed with 21 poi 
cent casein the dincrcncc noted between the groups fed ceielose and 
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silcrose wd 12ipei cent casein is as gieat aS has been obsei ved iMth the use 
of these carbohydrates m rations containing large amounts of corn (10) 
The rats fed 12 pei cent casein and 12pei cent gelatin iiath either cere- 
lose 01 sucrose grew at a slow rate unless nicotinic acid w as added Al- 
though the lats fed cerelose a ere somewhat supenor in appearance to those 
fed sucrose, the difference m appearance as well as in the lates of growth 
w as not marked Several of the ammaljs fed these diets exhibited a browm- 
ish red exudate particularlj'' around the head, similar to that observed for 
ammals fed rations high in corn oi tryptophan-deficient piotems (S, 10) 
It IS appaient, theiefore, that the addition of gelatin as compared to an 
eqmvalent amount of carbohydrate increased the dietaiy requiiement foi 
mcotimc acid even when the tryptophan le\el was the same in both diets 


TabijE II 

Effect of Amount and Kind of Protein and Carbohydrate in Diels Deioid of Added 
Nicotinic Acid on Metabolism of Nicotinic Acid by Rats 


Protein source 

Urioaiy excretion of nicotmic 
acid* 

Urinary excretion of 
>J^nietb> Inicotinamide* 

Sucrose 

Cerelose 

Sucrose 

Cerelose 

12% casein 


18 4 (8) 

24 3 (8) 

32 6 (8) 

18% » 


21 6 (8) 

31 0 (9) 

160 (8) 

24% » 


30 8 (5) 

156 (12) 

562 (6) 

12% " -4- 12% gelatin 

BUI 

13 2 (6) 

27 4 (7) 

34 3 (8) 


* Values expressed as micrograms excreted per rat per day The number of deter- 
minations IS giien in parentheses Each determination was made on the pooled 
collections from two rats for a 2 or 3 daj penod (see the text) 


(12 per cent casein and 12 per cent gelatin as compared to 12 per cent 
casein) 

Data obtained on the amounts of mcotimc acid and N'-methylmcotm- 
amide excreted m the unne are presented in Table II A progressne 
increase in the amounts of both compounds excreted was observed as the 
casein level was inci eased The gieatest increase was observed when the 
casein level was inci eased from 18 to 24 per cent It should be pointed 
out that no mcotimc acid w as added to any of these diets Considerable 
vanation was observed, particularly m the amounts of N'-methjlmcotm- 
anude excreted for the different senes of expenments earned out How- 
ever, collections w ere made simultaneously for the i anous groups that w ere 
compared (Table II) and the relative values are assumed to be \ahd 
For brevity all i allies obtained have been aa eraged The grow th rates of 
the rats fed those diets which aie linuting in nicotiiuc acid correlate well 
wntli the m igmtude of the \alues for the unnarj mcotimc acid compounds 
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Similai results have been recently reported vath the use of sucrose diets 
and varying levels of casein (8) 

These data aie fuithei evidence that the nicotinic acid nutiition of the 
animal is dependent on the protein (tiyptophan) intake The kind of 
carbohydiate also influences the nicotimc acid nutiition of the ammal, 
since a marked mciease in the amounts of N^-methylmcotinamide and 
mcotinic acid excieted was obseived when ceielose ^vas used as the caibo- 
hydrate as compared to suciose Tlus vas paiticularly appaient for the 
groups fed eithei 18 oi 24 pei cent casein When additional gelatin as 
fed, no appieciable deciease v as noted in the uiinaiy excietion of mcotinic 
acid 01 its methylated derivative as compared to vhen 12 pei cent casein 
vas fed, although when gelatin Avas fed a depiession in the gioAvth rate was 
obseived Othei voikeis (10, 11) have shown that glycine inlnbits the 
late of giowth of lats and chicks fed diets low m mcotimc acid Since 
gelatin contains laige amounts of glycine, it suggests that the glycine 
contiibuted by the gelatin is one of the causative factois Glycine and 
piesumably other ^unino acids may lequiie moie mcotimc acid foi metabo- 
lism than an equivalent amount of caibohydrate The metabolic mecha- 
msm by A\hich this piobable inciease m the lequirement is brought about 
has not been detei-mined 

To test the specificity of feeding tiyptophan on the uiinaiy excretion of 
mcotimc acid and N^-niethylnicotmamide, the effect of feeding related 
compounds was imestigated No mciease in the amounts of N*-methyl- 
mcotinamide oi mcotimc acid excieted was obseived when 100 mg of 
tyrosine, 100 mg of glutamic acid, and 200 mg of DL-phenylalamne Aveie 
fed pel day A shght rise in the excietion of N*-methylmcotinanude ivas 
noted when indole was fed, but no mciease was noted m the amount of 
mcotimc acid excreted The slight mciease m urinary N^-methylmcotm- 
amide excretion was appaiently due to mteiference of mdole with the 
method foi determining N*-methylnicotmamide (15) It appeals, there- 
foie, that of the ammo acids tiyptophan is quite specific Avith respect to 
increasing the urinaiy excietion of mcotinic acid and N^-methylnico- 
tin.unidc 

One possible explanation for the favoiable effects of cerelose m compari- 
son to sucrose is that the cerelose contributed sigmficant quantities of 
mcotimc acid to the diet Microbiological analyses of the rations for two 
of the cxpeiimental series failed to demonstrate any gieater amounts of 
mcotimc acid m cerelose than m sucrose Further, it Avas recogmzed that 
the AAater of crystallization of cerelose (glucose monohydrate) increased the 
protein percenhigcs of the rations slightly m that the Avater of crystalliza- 
tion AA as not taken into account m preparing these rations This does not 
appear to be a major consideration, hoAAeA’^er, since ammals fed 18 per cent 
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casein sucrose greu at a slower rate than animals receiving only 12 
per cent casein vith cerelose (Table I) and the values for the unnarj' ex- 
cretion of mcotimc acid and N^'methjdmcotmamide uere also in accord 
with the grow th data (Table II) It seems likely, therefore, that cerelose 
favors the mtestmal synthesis of mcotimc acid or its precursors to a far 
greater extent than sucrose The apparent effect, therefore, of the kind 
of carbohydrate on the microbial sjmthesis of mcotimc acid or related sub- 
stances IS at least as great as that obsen^ed for nboflann and thiamine 
(16-18) 

Further evidence on the effect of the level and kind of protein on the 
growth rate and the unnary metabohtes of mcotimc acid was obtained 
The effect of feeding tiyptophan nas determined on the gronth rate and 

Table III 

Effect of Tryptophan Ingestion on Growth and Nicotinic Acid Metabolism of Rats Fed 
Diets Containing IS Per Cent Casein and 18 Per Cent 
Gelatin without Nicotinic Acid 


Regimen 

1 

Bays on 
expenmeat 

Gam per da> 

Micotinic acid 
excreted per 
day 

Ni-Meth>l 
nicotmamide 
excreted per 
day 

Basal 

14-17 

gm 

1 5 

7 

11 0 

Y 

24 7 

(t 

23-26 

0 5 

7 0 

24 6 

tt 

35-38 

0 3 

6 7 

21 3 

“ + tryptophan* 

35-38 

4 0 

33 7 

375 

" 1 

42-44 1 

0 8 

10 0 

22 9 

“ 4- tryptophan* j 

42-44 1 

1 

3 5 

179 

2590 


*100 mg of DL-trjptophan per rat per day This sequence of treatment was 
earned out with one series of rats fed the basal diet for a previous period of 35 days 
Comparable rats m the same series were continued as controls 


unnary excretion of mcotimc acid and N*-methylmcotinamide nhen a diet 
contaimng 12 per cent casein plus 12 per cent gelatin v as fed for a penod of 
38 days (Table III) Ammals that were fed tryptophan immediately 
resumed a rapid rate of grow th and also excreted large amounts of mcotimc 
acid denvatives It was demonstrated, therefore, that even when ammals 
were fed a diet of this tj^ie a prompt and laige increase in the excretion of 
these compounds occurred when trjTitophan was added to the diet The 
apparent conversion, therefore, of tryptophan to mcotimc acid was not 
impaired An extension of the work with this and other diets showed 
that a response to feeding trjTitophan occurred when varjing levels of 
casein were fed (Table H'') The increase in the amounts of N'-methyl- 
mcotmamide and mcotimc acid excreted occurred more slowly, however 
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when 12 per cent casein and 12 per cent gelatin weie fed than mtli the use 
of casein diets alone (see also Table III) The uiinary values for nicotinic 
acid and N'-methylnicotmamide appeared to be highei when the 
tr 5 ’’ptophan was fed as the free amino acid than when an equivalent amount 
was fed as casein (Tables II to IV) This observation suggests that ofliei 
ammo acids m the additional casein and m the gelatin may decrease the 
amount of mcotimc acid excieted as compaied to the effect vhcn 
tr 3 ’’ptophan only v as fed Tins may occur either by inci easing the amount 
of mcotimc acid requiied to metabohze the incieased quantities of ammo 
acids ingested or by i educing the intestinal synthesis of mcotimc acid, oi 
both 


Table IV 

Urinary Excretion of Nicotinic Acid and N^-Methylnicotinamide by Rats 
Receiving Various Diets before and after Feeding Tryptophan* 



Regiment 

Nicotinic add excreted 
per day 

Nt-Methylnicotinamide 
excreted per day 



Before 

After 

Before 

After 



7 

7 

Y 

7 

12% casein 

4 4 

61 0 

11 5 

1200 

18% 

1 

1 

6 1 

49 3 

16 6 

847 

24% 

u 

8 2 

53 8 

37 4 

904 

12% 

“ -h 12% gelatin 

6 3 

22 2 

13 3 

285 

12% 

“ + 12% “ 

i 

27 St 


763f 


* 100 mg of DL-tryptophan were fed per rat per day The values given for trypto- 
phan feeding aie an avoiago for the first 3 dajs of feeding 

t No mcotimc acid added 

t These a alues arc foi the second 3 days that tryptophan ii as fed (see also Table 
HI) 

Eailiei voik (1-S) Avhich demonstrated that feeding tiyptophan maik- 
eclh’’ mci eased the uniiaiy excietion of mcotimc acid and N^-methjd- 
mcotmamide was laigelj'^ done wath diets adequate m piotein Kesults 
obtained on the amounts of apparent fiec tryptophan excieted m the 
mine (19) showed that a veiy small amount of that ingested w^as excreted 
Also, the excietion of certain othei ammo acids (phenylalanine, aigmme, 
histidine, and thieomne) was the same foi animals receiving the gelatin 
oi casein diets (20) As m eailiei A\oik (21), no diffeiencc icas noted in 
the amounts of tiyptophan excieted wdien cei close oi sucrose was used as 
the { aibohychate 

Simhes with Mice and Cotton-Rats — ^Weanling albino mice and cotton- 
1 its {Siqmondon hi'^pidus hispidns) were used to obtain some compaiative 
infoimation Studies weie conducted AMth sucrose diets only Mice 
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fed 12 per cent casein and 12 per cent gelatin mthout mcotinic acid gren 
at a rate of 1 1 gm per eek (3 week period) and animals receiving mcotimc 
acid giew at a rate of 2 6 gm per week Ammals fed 24 per cent casein 
ivithout mcotimc acid grew at a normal rate (3 6 gm per week) 
Preliminary studies inth cotton-rats revealed that ammals receiving 12 
per cent casein without mcotimc acid grew at a rate of 1 gm per week, 
and when mcotimc acid was fed the giowth rate was 4 gm per w'eek 
When 18 per cent casern was fed, animals grew at a rate of 3 6 gm , and 6 1 
gm per week when mcotimc acid was added No difference w^as noted 
w hen mcotimc acid w as added to diets contaimng 24 per cent casein Thus, 
the dietary reqmrement of the cotton-rat for mcotimc acid reported 
previously (22) has been confirmed 18 per cent casein w^as used in both 
studies The cotton-rat and mouse, therefore, hke the w'hite rat, do not 
need additional mcotimc acid when 24 per cent casein is fed and can also 
utibze trs'^ptophan as a precursor of mcotimc acid (4, 12) 

DISCUSSION 

From the hteiature available it appears defimte that for many species 
tryptophan fed either as the free amino acid or as a protein serves as a 
precursor for the vitamin mcotimc acid The very rapid increases noted 
in the amounts of mcotimc acid and N*-methylmcotmamide excreted when 
tryptophan is fed and the lapid reduction in the amounts excreted w'hen 
trj'ptophan is removed from the diet clearl}' indicate that the transforma- 
tion of tryptophan to mcotimc acid occurs wathm the tissues of the ammal 
Just how this occurs is not deal and final pi oof foi tlus conversion lemains 
to be obtained Vitamin Be has been shown to be necessaiy for this con- 
version, since w'hen tryptophan w as fed to ammals deficient in vitamin Be, 
no appreciable increase in the unnary excretion of mcotimc acid or N*- 
methylmcotinamide occurred (12, 13) VTien wtamm Be is added to the 
diet of animals deficient m vitamm Be, an increase m the excretion of the 
mcotimc acid compounds occurs with the ingestion of added tryptophan 
In the present w oik w hen rats w ere fed low' protein diets or diets contaimng 
gelatin with tryptophan added, large increases w ere noted m the quantity 
of mcotimc acid denvatives in the unne AVhether only vitamin 
Be-deficient ammals are unable to convert tryptophan to mcotimc acid 
remains to be determined 

The maiked influence noted wuth cerelose as the carbohydrate m the diet 
as compaied to sucrose and the results obtained with gelatin show that 
factors other than the amount of tryptophan and i itamin Be ingested are 
involved The most plausible explanation is that cerelose favors the 
nucrobial synthesis of mcotimc acid, thereby spanng the hmited supply of 
tryptophan in low' protein rations for uses by the body other than as a 
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source of nicotinic acid Other factors not at present i ecogmzed as being 
involved in this interrelationship may he contributed by the ceielose and 
not by sucrose At any rate, cerelose does not appear to contnbute the 
“pellegragenic” factoi (23, 24), postulated as being present in com, to the 
diet The addition of gelatin to the diet counteracts the beneficial effects 
noted vnth cerelose (Tables I and II) The influence of gelatin appeals to 
be sunilar to that observed with corn, acid-hydrolyzed piotems deficient 
m tryptophan, and glycme It may be quite possible that less dietary 
nicotimc acid is needed foi optimum giowth vhen ceielose is fed vntli 
gelatin than when suciose is fed 

The vaiioiis interielationslups that have been demonstrated suggest 
many oppoitumties for fuithei work More rigorous proof is needed for 
the exact leactions involved in the pathways of metabolism of tiyptophan 
and mcotimc acid 


SUMMAHI 

1 The effect of feeding diets contaimng graded levels of casein and 
different carbohydrates vithout added mcotimc acid on the late of growth 
and unnary excretion of mcotimc acid and N‘-methylmcotinamide has been 
stuck ed 

2 Ammals receiving ceielose chets vnth 12 or 18 per cent casein grew 
at a more rapid rate than animals receiving sucrose The amounts of 
mcotimc acid and N'-methylmcotinaimde excieted veie in accord vnth the 
growth data 

3 The ingestion of diets contaimng 24 per cent casein allov ed maximum 
growth, since no inciease occuired intli either sucrose oi cerelose as the 
caibohydrate vhen mcotimc acid was added to the chet 

4 The adchtion of 12 pei cent gelatin and 12 per cent casein to diets 
contaimng suciose oi cerelose depressed the rate of giovth in the rat, 
mouse, and cotton-rat Tins depression could be countei acted by feeding 
eithei mcotimc acid oi tryptophan 

5 ^^fiien tryptophan was added to diets contaimng vaiying quantities of 
protein, a marked rise in the urinary excretion of N‘-methyImcotinamidc 
and mcotimc acid occuried m all cases 
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It has been reported that intravenous injection of nicotinic acid produces 
hypoglycemia m normal humans (1-4) A defimte improvement m the 
carbohydrate tolerance of diabetic patients after administration of mcotimc 
acid has also been reported (4) It vras therefore of mterest to study the 
urmary excretion of mcotimc acid m diabetic patients 

In the chemical estimation of mcotimc acid m urme by Komg’s reaction 
(5) the urme is first digested either mth acid (6) or inth alkali (7) m a water 
bath to com ert deni atives of mcotimc acid excreted in the urme to mcotimc 
acid The color of the unne after digestion mterferes mth the estimation 
of mcotimc acid and different n orkers tned to remove the color b}' different 
methods While Melmck and Field (6) and Snammathan (7) used char- 
coal to remove the interfenng pigments, Perlzveig, Levj’-, and Sarett (8) 
and Dann and Handler (9) employed Lloyd’s reagent Wang and Kodicek 
(10), on the other hand, treated the digested unne first inth isobutanol, 
vhich lemoved some of the colors, and the remammg pigments were sub- 
sequenth oxidized inth potassium permanganate Recentl 3 ’’ Sv\ ammathan 
used zinc hjdroxide to lemoie the color (11) The uime of diabetic pa- 
tients, however, after digestion inth acid or alkah gave a highl 3 ’- colored 
extract The interfenng color could not be remo\ ed b 3 ^ ain of the methods 
so far used (6-1 1) It seemed that most of the color produced after diges- 
tion M as due to chainng of the sugar present m the unne In the present 
paper a method for the estimation of mcotimc acid in the urme contammg 
sugar has been desenbed 


EXPEKLMrVriL 

Remoial of Sugai in Uunc by Trealmcnt icilli Pomanyanate — Fresh solu- 
tions of glucose of different strengtlis «ere acidified inth concentrated 
h 3 drochlonc acid and treated in a water bath inth a 10 per cent solution 
of potassium permanganate until the solution gai e no test for sugar w hen 
boiled with Benedict’s reagent It was obsened that approximateh 16 cc 
of a 10 per cent solution of potassium permanganate were required to 
oxidi/e 1 gm of gliico-c U nne containing glucose also required the same 
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amount of pennanganate solution as the pure solution of glucose of similar 
strength When the sugai m the uime was oxidized mth permanganate 
m an alkaline medium, colloidal manganese oxide was fonned ivhich was 
difficult to lemove by centiifugation, and when the mine contaming the 
manganese oxide was digested m the water bath, the manganese oxide was 
found to destro}’’ the nicotmic acid, and added mcotmic acid could not be 
recoveied Sugai m the uiine was theiefore oxidized bj'’ pennanganate 
in an acid medium 

Removal of Manganese %n Unne after Treatment loith Peunanganate — 
"When the peimanganate-tieated in me was digested m an alkaline medium, 
the manganese hydi oxide fornied did not destioj’^ the nicotinic acid, but it 
lias found difficult to lemove and wash the bulky piecipitate of manganese 
hydroxide eithei befoie oi aftei the digestion It was theiefoie thought 
desii able to remove the exti a manganese m the ui me bef oi e digestion The - 
manganese piesent m the uime was lemoved as phosphate by treatment 
inth disodium hydrogen phosphate and NaOH Ciystals of disodium 
hydrogen phosphate were added to the uime tieated with permanganate 
and heated m a v ater bath until the crystals went into solution 0 35 gm 
of disodium hydiogen phosphate was necessaiy foi 1 cc of 10 pei cent 
permanganate The hot solution was treated vnth 40 pei cent sodium 
hy dioxide diop by drop until the piecipitation of manganese phosphate 
was complete The piecipitate was lemoved by filtering thiough a Buch- 
nei funnel undei suction and washed twice mth 10 cc poitions of distilled 
watei The filtiate was then ready for digestion 

Digestion of Sugai- and Manganese-Free Unne Filtrate and Removal of 
Intcrfenng Coloi — In oidei to conveit nicotinamide, mcotinunc acid, and 
N*-methylnicotinamide mto nicotinic acid the sugar- and manganese-fiee 
111 me filti ate was put into a 250 cc beaker The solution was made alkaline 
with 40 pel cent sodium hydroxide so that the strength of the alkali was 4 
per cent and v as digested m a boiling watei bath foi 45 minutes Aftei 
digestion the solution was neutralized with concentrated hydrochloiic acid 
and an extia 3 cc of acid ivere then added The acidified solution was 
heated m the boiling water bath and tieated with 10 per cent pennanganate 
drop by drop until the solution became light yellow in color The solution 
vas then adjusted to pH 7 with bromothymol blue as an mdicatoi and was 
made up to a definite volume Phosphate buffer of pH 7 was then added 
to the solution in the pioportion of 6 cc of buffer pei 10 cc of the solution 
A white precipitate appeared and the solution became almost colorless 
The precipitate was filtered off and an aliquot of the filtrate was used for 
the colorimetric estimation of nicotinic acid 

Colonmclnc Estimation of Nicotinic Acid — ^Nicotinic acid in the filtrate 
vas then estimated accoi'dmg to the method of Swammathan (7), slightly 
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modified 16 cc of the filtrate ^^e^e put into a 25 cc stoppered graduated 
cylmder and mto a similar cylinder uas put a dilute solution of nicotinic 
acid, 1 cc containing 10 7 of nicotinic acid 6 cc of phosphate buffer of 
pH 7 were added and the volume v as made up to 16 cc To each of the 
cylinders was added 1 cc of a 4 per cent alcoholic solution of aniline, fol- 
lowed by 8 cc of a solution of cyanogen bi omide prepared freshly by de- 
colonzmg saturated bromme solution with 10 per cent sodium cyanide 
The contents of the cylinders acre shaken, allowed to stand for 2 minutes, 
and the yellow color w'hich developed w as then compared in a visual colon- 
meter Sometimes the color of the mine filtrate was so light that a blank 
correction was not necessary In case there w'as any residual color, the 
unne filtrate was treated exactly as descnbed above, wnthout the addition 

Table I 


Recovery of Ntcohmc Acid Added to 2S Cc of Urine Containing B Per Cent Glucose 


tJrme sample No 

Nicoimlc aad added 

Nicotinic acid estimated 

Nicotinic acid reco\ cred 


7 

7 

per cenl 

la 

0 

25 8 


lb 

30 

55 5 

99 0 

Ic 

40 

64 0 

95 5 

2a 

0 

50 0 

I 

2b 

15 

63 5 

90 0 

2c 

25 

73 0 

‘ 92 0 

2d 

10 

59 3 

93 0 

3a 

0 

50 0 


3b 

20 

69 6 

98 0 

3c 

40 

89 0 

97 5 


of cyanogen bromide, and compared mth a standard mcotimc acid solu- 
tion treated with cyanogen bromide 

Estimahm. of Nzcohnic Acid tn Unne in Presence of Sugar — Sugar m the 
unne is quantitatively estimated with Benedict’s reagent To 25 cc of 
urine m a 250 cc beaker are added 8 cc of concentrated hydrochloric acid 
The beaker is heated in a water bath and is treated wnth 10 per cent potas- 
sium permanganate until all the sugar is oxidized 1 gm of sugar requires 
approximately 16 cc of a 10 per cent solution of potassium permanganate 
The manganese present in the solution is removed as phosphate bj-- treat- 
ment with disodium hydrogen phosphate and NaOH The solution is then 
digested m a w ater bath for 45 minutes with 40 per cent NaOH so that the 
strength of the alkali is 4 per cent The mterfenng color is remoi ed bj^ 
making the solution acidic with concentrated h3 drochlonc acid and treat- 
ing with permanganate solution until the solution becomes almost colorless 
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If the volume of the resultmg solution is large, it is concentrated in a boil- 
ing vatei bath The solution is adjusted to pH 7, phosphate buffer is 
added (6 cc of buffer per 10 cc of the solution), and the mixture filtered 
jVn ahquot of the filtrate, dependmg on the amount of mcotmic acid piesent, 
IS taken foi the colorimetnc estimation of mcotmic acid 
Recovcuj of Nicotinic Acid Added in Unne Samples — ^Nicotinic acid in 
different amounts ivas added to 25 cc samples of mine contaimng 5 pei 
cent glucose Estimation of mcotmic acid m the samples of mine was 
earned out to leam how far this procedure could recover the added mco- 
timc acid m the unne 90 to 99 per cent of added mcotmic acid could 
be recovered by the above method The results are shown m Table I 
24 Hours Urinary Excretion of Nicotinic Acid by Diabetic Patients — 24 
horn urmes of eight diabetic patients M^ere eoUected m bottles contammg 
20 cc of a 50 pei cent solution of suKuric acid Nicotmic acid m these sam- 
ples was estimated accordmg to the method desciibed above Diabetic 


Table II 

Excretion of Nicotinic Acid in Unne by Diabetic Patients {Males) 


ritient 

Age 

Nicotmic acid 
excretion 

Patient 

Age 

Nicotine acid 
excretion 



mg per day 


ITS 

per day 

S K M 


2 8 

J C D 

48 

4 5 

S B 


4 8 

K K G 

64 

1 3 

S N B 

47 

2 6 

R B S 

40 

3 6 

J N S 

51 

5 2 

M N M 

45 

5 6 


patients cxcieted 13 to 5 6 mg of mcotmic acid pei day The lesults 
are given m Table II 

DISCUSSION 

By piehmmaiy treatment of mine samples contammg sugai ivith pei- 
manganate, not onb’- the sugai but also some of the inteifeiing colois veie 
lemoved ^^^len mine of nomial pei sons oi labbits was tieated with 0 5 
cc of 10 pel cent potassium peimanganate in an acid medium and digested 
with alkali aftei lemoval of the manganese as phosphate, a hghtlj’’ coloied 
digest was obtained Tins digest when tieated with peimanganate m acid 
medium liecame almost coloiless The method of estimation of mcotmic 
acid desciibed m the piesent paper seems to be simplest of the existing 
chemic il mcthcxls 

The (laih mmai^ oxcietion of mcotmic acid by diabetic patients was 
found to Aai 3 ' between 1 3 and 5 6 mg It was showm by one of us (N 
C G ) that normal health^' mdu iduals excreted 1 4 to 5 3 mg of mcotmic 
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acid m then dailj' output of urine (12) Wang and Kodicek (10) leported 
that noiin d healthj Bntish subjects c\cicted 0 85 to 2 33 mg of nicotinic 
acid pel da\ Xicotinic acid nutiition of diabetic patients, therefore 
docs not seem to be inteifeied inth 

SUMAEVR\ 

1 A chemical method of estimation of nicotinic acid m in me in the 
presence of sugar has been described 

2 The urme is first treated wath peimanganate, uhich removes sugar 
and some of the interfenng colors The manganese is lemoved as phos- 
phate and the sugai-free urine is digested A\ith alkali The digested unne 
IS decolorized Bith pennanganate and the pH of the solution is brought to 
7 After addition of phosphate buffer an ahquot of the solution is tieated 
with alcoholic aniline and a solution of ej’^anogen bromide The lesultant 
yellow' coloi is compared wath a standard mcotmic acid solution similaily 
tieated 

3 The uiinaiy evcietion of mcotmic acid by eight diabetic patients has 
been studied The diabetic patients have been found to excrete 1 3 to 5 6 
rag of mcotmic acid per day These figures compare well wath the urinaiy 
excretion of mcotmic acid by healtfij' indi\aduals 

We aie indebted to Dr F M Fruter of Hoffmann-La Roche, Inc , foi 
the supplj of mcotmic acid and to the Indian Research Fund Association 
for a research grant 
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ISOLATION AND CHARACTERIZATION OF TAMARIND SEED 
(TAISIARINDUS INDICA L ) POLYSACCHARIDE 

Bt G R SAVUR AND A SREENIVASAN 
{From the Department oj Chemteal Technology, Bombay University, Bombay, India) 

(Received for publication, July 11, 1947) 

The alcohol-insoluble fraction fiom the water extract of tamaiind seed 
meal, constituting 60 to 65 per cent of the husked kernel, has been de- 
senbed as a rich source of pectm (1-3) Although it forms a fii-m jelly in 
the presence of appropriate amounts of sugai and acid (1, 4) and has been 
suggested for commercial use as a substitute for pectm (5), it has been 
shown m prehmmary communications by the authors (4, 6-8) and later by 
others (2, 3, 9-11) that it differs fundamentally from fruit pectins Pectms 
are characterized by the presence of methyl estei gioups and galacturomc 
acid units (12) nith varjong amounts of arabmose and galactose, presum- 
ably derived from associated araban and galactan, loosely attached to the 
molecule (13-15) On decomposition pectms also yield pectic acid, a prod- 
uct of definite chemical composition (16, 17), which is obtamed either di- 
rectly (18) or, better, through the insoluble calcium salt (19, 20) aftei 
hydrolysis by mild alkali folloned by neutralization mth acid Tins papei 
records the results of mvestigations on the nature of the polysaccharide 
fraction of tamarmd seed which show how m all these respects it diffeis 
fiom pectms, a conclusion necessitatmg revision of the views held hitherto 
to account for many of the phenomena of pectm-sugai -acid jelly fonnation 
( 21 , 22 ) 


EXPERIMENTAL 

The results of analysis of decorticated tamarmd seed meal are given m 
Table I The testas, which formed 28 5 to 33 per cent of the whole seed, 
rvere removed from the kernel after parchmg with sand, light crushmg, and 
mnnowing A1 determmations were carried out accordmg to methods of 
the Association of Official Agncultural Chenusts (23), the values for the 
polj'saccharide neie obtamed by precipitation of the aqueous extract mth 
50 per cent alcohol accordmg to the method of Ghose and Knslma (1) 
The alcohol precipitate yielded 8 57, 8 71, and 8 82 per cent respectively 
of crude protems, expressed m terms of the weight of the origmal seed meal, 
these accounted for nearly half the total protems of the seed meal and 
therefore also for the suiplus over 100 per cent in Table I 
In view of the close protein-polysaccharide association (Table I), a frac- 
tionation study of the chief t 3 pes of protems m the seed meal appeared 
wmrth w'hile This was effected as foUc^ijg^ 
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20 gm of the seed meal (Sample I) Meie exti acted by lefliiMiig ^^lth SO 
pel cent ethanol The lesidiie fiom the extract, aftei lemoval of alcohol 
ga\c, on tieatment AA^th acidulated AAatci oi dilute alkali, a product, A\ith 
0 22 gm of total protein liaAung ceitam of the char act eristic piopeities of 
piolamms, aaIiicIi yielded on I^diotysis glutamic acid, piolme, and 
ammonia 

The lesidual seed meal altei ext, i action AAuth alcohol aars taken up in the 
cold 111 2 liters of distilled AAatei A\ith a mechanical stiiiei A considerable 
part (8 1 gm ) of the poh’^saccharide and all of the albumins of the seed 
meal, amounting to 1 79 gm , aacic thus brought into solution, the latter 
could also be extracted AAitli 5 per cent sodium chloride oi 0 5 per cent sod- 


Table 1 

Atiahjsis of Tamarind Seed Meal 


Dctermmitions 

Sample I 

Sample 11 

Sample III 

Moist me 

per cent 

12 C4 

per cent 

10 SO 

per cent 

11 30 

Ash , AA alei -insoluble 

3 73 

4 37 

3 87 

“ AAatei -soluble 

5 3C 

C 18 

5 13 

“ total 

S 09 

10 55 

9 00 

“ ncid-insoluble 

1 47 

2 10 

1 29 

Poljsaoclinudo (aleoliol ppt , ash-fiee) 

58 47 

62 bS 

63 30 

Crude proteins 

16 69 

15 28 

15 35 

Ethei e\tiactiA’os 

8 19 

6 50 

6 81 

Ciudc fiber 

4 93 

1 46 

2 60 

Sugaifa 

None 

None 

None 

Tannins , 

< t 

1 « 

0 83 

Total 

lOS 01 

107 47 

109 19 


\sh piescnt ns Nn, K, Cn, jM^, P, and Si 


Him liAdioxide and AAas completelA pie(i])itatpd on full saturation Avith 
ammonium sulfate 

The hot AAatei -insoluble portion oi the seed meal contained 1 13 gm of 
glutelms insoluble m AAatei, salt solution, and dilute alcohol, but soluble in 
dilute alkali 

Thus the pi oleins of tamaiind seed meal consist ot 1 1 per cent piolamin, 
8 o per cent albumin, and 5 05 per cent glut elm It should, hoAACAei, be 
stated here that these data aacic obtained by the application ol couA’^entional 
methods, no sliuK liaA mg been gn en to the doA elopinent of specific methods 
suitable loi the exiiaclion of the pi oleins ot the tarn innd seed 

Exbaclion of Gil-Fonning Consliltunt — A conAcnienl ciuantilj of the seed 
meal (about 200 gm ) A\as made into a thin paste A\ath the icquiied quantity 
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of cold water and poured slowly into about 5 liters of boiling water, the 
heating bemg continued for about 20 minutes The mixture was then 
filtered and the solution, after treatment with sulfur dioxide to decolonze 
it, was concentrated to a small bulk %n vacuo and the gel-formmg constituent 
precipitated by addition of an equal volume of alcohol The product, when 
dned, has the foUowmg pei cent composition moisture 2 90, ash 3 98, 
albuminoids 14 83, crude fiber 0 96, ether extractives 1 79, the rest consti- 
tuted the polysacchande fraction 

Preparation of Puie Polysacchande — ^For the punfication from its asso- 
ciated protems of the fiaction obtamed as above, several methods were 
tried mth varymg degrees of success The protems were not removed, or 
even appreciably diimnished on repeated solution m water and reprecipita- 
tion vuth alcohol or by fractional precipitation with alcohol of different 
strengths INIild acid hydrolysis resulted m simultaneous degradation, to 
varjung extents, of both the protem and polysacchande constituents The 
latter were also precipitated together from solution by treatment with pro- 
tem precipitants such as phosphotungstic and tannic acids or by full satura- 
tion with ammonium and sodium sulfates Prolonged digestion with 
pioteolytic enzymes hke pepsm and papam removed only 30 to 35 per cent 
of the nitrogenous fraction Allowing the extract to stand overnight or 
usmg centrifugation for coagulation of the proteins was also only partially 
successful 

The most effective method of removal of protems was found to be by 
considerable dilution of the aqueous extract Thus, when the seed meal 
extract was diluted with mcreasmg amounts of water and let stand over- 
night, mcreasmg amounts of albummoids settled, the supernatant hquid 
could be concentrated in vacuo after centnfugmg and the gel-formmg con- 
stituent precipitated with alcohol Table II gives a typical set of results 

Dilution of the extract beyond 1 6 did not jueld a purer product and, m 
vanous trials mth different lots of seed meal, the purest product, obtamed 
as above, yielded protem varymg from 1 8 to 1 9 per cent The ]elhes ob- 
tamed with this preparation, m the presence of appropnate amoimts of 
sugar and acid, had the maximum gel strength ^ 

Differences hetioeen Tamannd Seed Polysacchande and Fruit Pectins — In 
spite of its undoubted propertj'- of formmg sugai-acid jelhes, the poly- 
saccharide of tamarmd seed differs fimdamentally’’ from fnut pectms, as 
may be seen from Table III, the purified pectms used for this study nere 
prepared accordmg to Saimr and Sreenivasan (24) 

In addition to the foregomg, the polysacchande, unlike pectms, forms 
copper, calcium, and banum salts which separate as flocculent precipitates 

' Savur, G R , and Sreemi asan, A , unpublished work 



504 


POLTSACCHARIDE OP TAMARIND SEED 


in alkaline medium It also forms a highly viscous, gelatmous product 
IV hen tieated with small amounts of borax, resemblmg in this lespect gum 
tragacanth Pectic enz 3 aiies, such as pectin esterase and pectinase, which 
hydrolyze pectins to various cleavage products such as arabmose, galactose, 
and pectic or galacturonic acid (30-33), do not hydiolyze tamarind seed 
polysacchande On the other hand, taka-diastase, although without action 
on fruit pectms, hydrol 3 ^zes the polysacchande with the liberation of a 


Table II 

Varialions in Protein Content with Dilution 


1% seed meal extract, times diluted 

0 

2 

3 

4 

Bi 

6 

Proteins in alcohol ppt , % 

10 24 

8 66 

3 15 

2 49 

b9 

1 85 


Table III 

Comparison of Tamarind Seed Polysacchande with Flint Pectins 


Determinations* 

Apple 

pectin 

Lemon 

pectin 

Wood- 

apple 

pectin 

Orange 

pectin 

Tamarind 

seed 

polysac 

charide 



per cent 

per cent 

per cent 

per cent 

per cent 

Fresh basis 

Moisture 

11 6 

9 3 

4 1 

8 7 

4 0 


Ash 

2 22 

1 05 

2 98 

2 38 

3 05 


Ether extractives 

0 83 

1 87 

0 90 

2 13 

1 60 


Alcohol ppt (ash-free) 

91 76 

94 14 

96 37 

95 32 

97 50 


Albuminoids 

0 66 

1 16 

2 76 

1 87 

1 85 


Crude fiber 

0 

0 

0 

0 

0 

Drj basis 

Reducing sugars 

12 50 

20 72 

22 40 

26 82 

0 


Calcium pcctale (19) 

80 35 

91 72 

91 96 

89 60 

0 


Pectic acid (16-lS) 

70 82 

84 94 

81 47 

SO 16 

0 


Galaeluronic acid (25) 

24 20 

26 49 

22 48 

23 21 

0 


Mucic acid (26) 

24 70 

28 81 

28 08 

29 22 

18 84 


Uronic acid (27) 

41 80 

62 20 

58 70 

62 90 

3 44 


Pentosans (2S) 

12 14 

15 47 

18 28 

16 97 

27 54 


Methyl ester groups (29) 

7 10 

9 38 

8 76 

9 07 

0 


* Cf (23) The fiRures heloi\ in parentheses refer to biblioRraphic references 


maximum of 86 pei cent of i educing bugais The puiified pioduct does 
not 1 educe Fehling’s solution except when hydiolj^zed with acids, wheieas 
fniit pectins, oven when highly purified, readily leduce Fehling’s solution, 
cvidentlv on account of the associated occuiiencc of fice leducing sugais 
It would appeal therefore that classification of tamarmd seed polysac- 
chaiide as a pectin would rest solelj' on its piopert 3 ’-of foiming sugar-acid 
jellies (2, 3), such a classification, based puiely on physical behavioi and 
not on chemical constitution, would be haphazaid and confusing (34), 
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especially since the Committee on Pectm Nomenclature of the American 
Chemical Society has clearly defined the group designation for pectms (35) 
The polysaccharide cannot be classed as a mucilage either (10), for recent 
work has shoivn that substances commonl 3 f described as gums and muci- 
lages are in fact polyuronides and that then acidic properties aie due to the 
presence of uromc acid, hence the name, “acidic pobnironides” sometimes 
given to them ((34) p 122) In an earher commimication (6), the authors 
had referred to the polj'saccharide as a gluco-galacto-xylan and there is 
little doubt that it is a “potyose” oi “hexopentosan” (34), a nomenclature 
vhich IS based on hj'drolytic and oxidation studies referred to below 
Products of Hydrolysis — As already stated, tamannd seed polyose does 
not reduce Fehlmg’s solution unless hydrolyzed bj’’ dilute acids Reducmg 


Table IV 

Acid Hydrolysis of Tamarind Seed Polyose and of Fruit Pectins 


Time 

Sugars^ expressed as glucose 

Tamarind seed polyose 

' Apple pectm 

Wood apple 
pectm 

Lemon ' 
pectm i 

1 

Orange 
pectm 1 

Glucose 

and 

xylose 


Sulfunc acid, per cent 


2 

4 

4 

' 4 

1 

4 

4 

s 

mttt 

per cent 

! per cent 

per cent 

per cent 

per cent 

per cent 

1 per cent 

0 

0 

0 

12 5 

14 4 

20 2 

11 8 

\ 29 9 

60 

12 3 

17 3 

16 6 

16 2 

23 8 

14 1 

28 4 

120 

22 5 

28 4 

18 8 

19 2 

26 1 

16 8 

27 7 

180 

34 9 

41 3 

22 4 

21 5 

27 2 

19 9 

25 2 

240 

35 5 

37 4 

25 9 

24 4 

29 1 

22 9 

24 4 

300 

34 9 

37 1 

25 9 

26 8 

30 1 

27 7 

20 7 

480 

25 6 

32 7 

37 4 

32 7 

37 4 

31 0 

17 1 


sugars formed on hydrolysis bj" boihng, under a reflux, a 1 pei cent suspen- 
sion for different penods of time mth 2 and 4 per cent sulfunc acid are 
given m Table IV The hj-^dralj^sates vere partially neutrahzed ivith 
baryta and, towards the end, with banum carbonate, filtered, and the 
sugars m the filtrate determmed by Bertrand’s method (36) For com- 
parison, the results of hydrolj sis of fruit pectins mth 4 per cent acid are 
included 

It IS evident that hydrolysis with acids does not result m quantitative 
formation of reducmg sugars and that prolonged hj'diolysis results m partial 
destruction of sugars, an obsen’^ation reported earher (37) and confirmed 
bj*^ the results of h 3 'drol 3 'sis, foi vaiymg penods, of a mixture of equal parts 
of glucose and X 3 lose mth 5 per cent sulfunc acid (mcluded m the last 
column of Table IV) In a number of trials, the maximum amoimt of re- 
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ducing sugars found in hydrolysates of tamaimd seed polyose was about 41 
per cent at the end of 6 houis boiling with 3 oi 4 pei cent sulfuiic acid 

Using 1 per cent extiact of tamaimd seed meal and hydiolyzmg uath 0 1 
gm of taka-diastase at 37 5° foi 24 and 48 houis gave 74 7 and 86 7 pei 
cent, respectively, of reducing sugars 

Idenbficahon of Sugars — The only sugars that could be identified in the 
acid 01 enzymic hydiotysate, obtamed as above, weie glucose, galactose, 
and xylose The hydrolysate was neutiahzed, filtered, and concentrated 
in vacuo An aliquot of this concentrate was heated on a v atei bath and 
treated vith phenyUiydrazme and glacial acetic acid The mixture was 
allowed to react for 45 mmutes and then cooled The osazones of the 
hexoses that crystallized were removed m batches and lecij'^stallized Glu- 
cosazone (mp 204°) and galactosazone (mp 155 5°) were the only piod- 
ucts identified, although the latter was, to a certain extent, contaminated 
with xylosazone 

Another aliquot of the concentrated hydrolysate was fermented with 
yeast to remove the hexoses and at the end of 24 hours the solution was 
treated as above for the osazone reaction Only xylosazone (m p 154°) 
could be obtamed m this way The presence of xylose was confiimed bj 
Bertrand’s reaction (38) vath the help of bromine and cadmium caibonate, 
when chaiactenstic boat-shaped ciystals, identified undei the microscope, 
of the double salt cadmium bi omide-cadnuum xjdonate v ei e obtamed The 
absence of arabinose was conclusively pioved by the fact that no chaiactei- 
istic diphenylosazone could be obtamed (39) It is possible, although not 
probable m the light of the evidence presented here, that there may be other 
components of the polyose which have escaped detection 

The data foi reducing sugars m the acid hydrolysate were obviously uii- 
suited for the quantitative characterization of the polyose, m view of the 
destiuction, to vaiymg degrees, of the sugais undei these conditions (Tabic 
IV) Calculations based on specific rotation of acid oi enz 3 TO]c liydioly- 
sates were also ruled out, as it fiequently happens that small expeiimental 
errors arc eiioimouslj’- magnified and that the final lesults, even with mix- 
tuics of puie sugais, can be icgaided as oiity louglily approximate (36) 
The actual quantities of galactose and glucose in the pob^osc iicie theiefoic 
ascertained liom a study of the jueld of miicic uid saccharic acids on oxida- 
tion vith iiitiic acid, virile that of xylose was deduced fiom the yield of 
fuiiural on distillation intli dilute hj'-diochlonc acid The piocedures are 
detailed belov 

Pwducts of Oxidation — 5 gm of the seed polyose veie treated with 300 
cc of 25 per cent nitiu ac id (sp gi 1 15) and the mixtiuc vas heated on a 
vatcr bath foi about 3 houi's, vhen its ^ oliime was i educed to 50 to 75 cc 
On dilution, niucic acid separated out ((30) p 691) Tins vas alloved to 
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stand for 2 hours and then filtered The precipitate was dissolved in dilute 
sodium carbonate solution, filtered, and the mucic acid reprecipitated by 
addition of a slight excess of hydiochloric acid It was then filtered, dried, 
and weighed The product had a meltmg point of 225-227°, correspondmg 
to mucic acid It was quantitatively determmed according to Tollens (26) 
®^^The filtrate obtamed after removal of mucic acid v as neutralized by the 
addition of potassium carbonate, treated mth a few drops of acetic acid, 
and evaporated to a sjuaipy consistency Aftei addition of a few more 
2 irops of acetic acid, it was then allowed to cool, when potassium acid 
' sacchai ate separated out This was filtered and i ecrystallized from a small 
amount of water The acid salt was neutralized with ammonia and the 
excess ammonia removed bj'- boihng On addition of silver nitrate, a white 


Table V 

Products of Oxidation 


Substance 

Mucic acid 

Saccharic acid 

Apple pectin 

per cent | 

24 70 

per cent 

0 

Wood-apple pectin 

28 08 

0 

Orange pectin 

29 22 

0 

Lemon “ 

28 81 

0 

Tamarind seed polyose 

18 84 

64 59 


precipitate was obtamed This was sepaiated, dried, and carefully ignited 
The residue was cooled and weighed The equivalent weight of the acid 
was calculated from the foimula 

T. , ^ . Weight of Ag salt 

Equivalent weight = ; — — 1 

Weight of Ag 

A value of 206 56, correspondmg to that of saccharic acid (210), was ob- 
tamed 

The yields of mucic and saccharic acids, obtamed as above, are given in 
Table V m comparison with the values for mucic acid of purified fruit 
pectms (24) , the latter did not yield saccharic acid 
Probable Molecular Proportion of Sugars in Polyose — ^The puiified polyose 
on distillation mth 12 per cent hydrochloric acid yielded furfuraldehyde, 
which as pliloroglucide amoimted to 30 0 per cent (26) The xylose equiv- 
alent of this was calculated from lirober tables ((36) p 1276) From this 
and from the yields of mucic and saccharic acids (Table V) obtamed on oxi- 
dation vath nitric acid ((36) p 691) the amounts of xylose, galactose, and 
glucose Mere calculated to be 28 42, 16 19, and 55 36 per cent respectively. 
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these values coiiespond appiovuaatcly to a moleculai latio of 2 1 3 of 
xj lofec-galactose-glucose On the basis of the lesults lecoided heie the 
polyose may thciefoie be classed as a xjdo-galacto-glucosan Theie is no 
evidence on lecoid of a similai polyose with these sugais as components 
((34) p 70) The constitution of the pol3 0se lemains to be voiked ^ 
but, consideimg the fibious natiiie of the pioduct and its gel-foimmg pnei- 
cit}, it maj'' be presumed to Ime a cham stmctuic lathei than a luig 
stnictuie (40) 

I 

SUlMMARY 

1 An aqueous extiact of tamaiind seed meal gives, on piecipitatioii vith 
50 pel cent alcohol, GO to G5 pei cent of a polysacchaiide vliich foims jellies 
with sugai and acid as m the case of fiuit pectms 

2 The polj'-sacchaiide obtauied as above is associated with 14 to 15 per 
tent of ciude piotems, accountmg foi iieaily half of the total seed protems 
the jelling piopertj’’ is not, how'evei, lelated to the protem fiaction 

3 The pol3'^sacchaudo could be freed fioni most of the piotems b3 ev 
cessivc dilution (1 100 oi above), follow^ed b3’- standmg oveinight to coag- 
ulate the lattei 

4 The puiified potysacchaiide is fiee fiom methyl estei gioups and galac- 
tuionic acid units, does not give the Caiie and Haynes leaction foi pectms, 
and dilTeis also m othei lespects fiom fiuit pectms 

5 The onty sugais foimed on acid oi enz3mic hydiolysis of the poly- 
sacchaiidc aie \3d0se, galactose, and glucose Fiom a quantitative study 
of the pioducts of oxidation and h3diolysis, it is concluded that the appiox- 
imate moleculai piopoition in which these sugais aie piesent in the poly- 
sacchaiide is 2 1 3 iespectivel3' 

G The potysacchaiidc is designated as a “pobrnse” 01 “hexo-pentosan” 
which ma 3 be specifically tcimcd gluco-galacto-xylan 
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ELECTRON MICROSCOPE STUDIES OF SODIUM HYALURONATE 

Br JEROME GROSS* 
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Plate 1 

(Received for publication, September 20, 1947) 

Considerable interest is attached to the acid polysacchandes because of 
their presence in the ground substance of connective tissue, sjuiovial fluid, 
cartilage, vitreous humor, cornea, umbihcal cord, certam bactena, and in 
many tumors (1, 2) They also may possibly be mvolved m the pathologj’- 
of the rheumatic and “pararheumatic” diseases (3-5) Hyaluromc acid 
and hyaluromdase also play an important role m fertihzation (6) and are 
probably mvolved m flmd transfer m the tissues (7, 8) 

Information is available concemmg some of the physical properties of 
hyaluromc acid From the high viscosity, streammg birefnngence, and 
abihty to spm mto threads it may be concluded that the e\tracted hyaluron- 
ate has a fibrous structure From viscosity and streaming birefnngence 
data, Bh\ and SneHman (9) estimate a mean particle length for the punfied 
neutral hyaluronate of 4700 A with a maximum above 10,000 A These 
solutions are polydisperse The vanation m particle length and umformity 
depended on the source of the matenal and the method of preparation 
Ass umin g unbranched chains and a disaccharide length of 10 A, they 
estimate the particle weight to range between 200,000 and 500,000 The 
degree of polymenzation is also greatly affected by pH, lomc environment, 
oxidizmg agents, and specific depolymerases (9-11) 

Smee electron microscopy is capable of reveahng structure m the col- 
loidal range, it seemed desirable to mvestigate the properties of hyaluronic 
acid inth this techmque The results here reported serve chiefly as an 
onentation for further detailed studies which must be imdertaken if the full 
potentialities of the method are to be brought to bear on the problem 

Methods and Materials 

Three specimens of hj^aluronate prepared by different techmques in dif- 
feient laboratones were examined The electron nucrographs shown here 
were taken of a highly punfied, protem-free pieparation from umbilical 
cord, the chemical composition of which corresponds closelj' to the theoret- 

* This work has been done dunng the tenure of a Life Insurance Medical Research 
Fund Fellowship 
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ical values The method of picparation of this sample is as -set unpub- 
lished ^ A diop of appi oximatelv 1 10,000 sodium hvahuonate in Ivieo 
distilled wafer vas allowed to diy on the siippoiling film of Ihe specimen 
grid In ordei to inciease contiast and show contom the piepaiation vas 
then shadoned by the method of Williams and Wyckoft (12) yith 8 ing 
of chromumi at an angle of 9° and at a filament to object distance of IS cm 
An RCA tj^po EMB electron micioscope yas used m this study 

Rtsult^ 

All thiee samples shoved the same geneial chaiacteiistics The pob- 
saccbaiide dnes mhomogcneouslj'’ on the fihn In some legions of highei 
concentiation (not shomi) it fonns thin, appaiently stiuctuieless sheets of 
uniform thickness and density At lovei concent lations long, blanching, 
and anastomosing fibers piedominate (Fig 1) In some aieas stellate 
sheets ml ei connected by fibious piocesses aie obseiwed (Fig 2) Fie- 
quently globulai enlaigements occui along the couise of a fibei, suggesting 
1 datively highci fluidits'’ in these legions (Fig 3) The mdividual fibei s 
usually ha\c a smooth contoui and aic faiilj constant in width ovci tlien 
extent Obseiyed mdths lange fiom appioximately 50 to 200 A No 
legulai lateial oi axial stiucluie vas obseiwed in this mateiial 

The stiuctiue of the suppoitiiig collodion film is icsponsible foi the fine, 
pebbly backgiound as indicated bj’’ electron miciogiaphs of shadowed 
blanks Othei small, dense, iiicgulai and unidentified bodies aic piobably 
contaminants The small lod-shaped stiuctuies in the background ot 
Fig 2 vere noted in tlus pictuic only and then significance is unknovn 

DISCUSSIOA 

The paiticulai pattcnis obseived m the election miciogiaphs aic piob- 
ably deteimmcd to a ceitam extent by the method of piepaiation (diying 
fiom an aqueous ‘-olution) The fibious stiuctures piobably lesult fiom 
fiov piocesses pioduccd bj inteilacial tension dining diying It is thought 
that the thin, elongate filaments vhich give use to \iscosity and stieaming 
bnefiingcncc ni solution align Ihemselvcs to foim laigci aggiegates when 
subjected to iclatively small bhcaimg forces Tifiiethei oi not aggiegates 
of this paiticulai stmctuic exist natuially oi in solution is undetermined 

The presence of globulai enlaigements is lemniisccnt of smnlai stnictuies 

• The author is dcoplj indebted to Dr Karl ^lejer of the College of Physicians and 
Surgeons, Columbia Unncrsitj, for the material fiom which these pictures were 
obtained lie also wishes to thank Dr Walter Bauer of the Massachusetts General 
Ilospital and Dr Maxwell Schubert of the Department of Therapeutics, New York 
Um\crsitj College of Medicine, for other samples of puriGcd polysaccharide used in 
this study 
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observed in the electron niiciographs of rubber (13) If a similar inteipre- 
tition IS applied, one may suppose that the membianous, globular, and 
fibious patterns repiescnt fractions of polysacchande diffeiing in degree 
of polymenzai ion oi paiticlc lengtli The fibrous piocesses would consist 
of a paiallel anaj of the longest pai tides The globules vould be com- 
posed of short units, hence thc\ shov more fluid properties 

The fibious piocesses do not show the discrete, filamentous chaiactens- 
tics of pioteins such as actin, mvosm (14), and insulin (15) ^ Hyaluronate 
fibers anastomose and branch lather than cioss discretely oi^ei each other 
as do these filamentous pioteins 

In\ estigations of the macromolecular structuie of othei acid polysac- 
chandes aie m progiess as well as the effects of pH, oxidizing agents, 
specific enzymes, and combmations wnth pi otem 

SUMMARY 

1 Electron miciographs of puiified sodium hjsaluronate weie obtained 
from aqueous solutions dried on the supporting film and shadow^ed with 
chromium 

2 Chai actei istic sti uctui es include thin, mastomosmg, fibi ous pi ocesses, 
globular enlargements, and stellate sheets 

3 These structuies are mterpieted to represent piocesses incident to 
preparation, which cause the polysacchande chams of vaiious lengths to 
take these foi-ms These are piobably related to the degree and form of 
poljmenzation 
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EXPLANATION OP PLATE 1 

Figs 1 to 3 Sodium hyaluronate from umbilical cord 1 10,000 (approximately) in 
water, dried on film, three different regions of the same specimen grid Shadowed 
with chromium Magnification, 48,000 (Fig 1), 24,000 (Fig 2), 38,C00 (Fig 3) 



(Gross Electron microsojpe studies of «iodium Inainronatc) 
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(Received for publication, October 8, 1947) 

Ammo nitrogen is present m much higher concentration m tissues than 
m plasma (1-3) Neiertheless mjected ammo acids are taken up by the 
cells so that the tissue concentrations are increased more than the plasma 
concentration (1) Glutanune is present at higher concentrations m the 
tissues than in the plasma of dogs (3) In contrast the sum of the concen- 
trations of vahne and leucme is not appreciabl 3 ’^ higher in the tissues than 
m the plasma of guinea pigs (4) 

Although the tissue amino acids appeal to be free bj" customarj^ analytical 
methods, they may be present m some unstable combmation which does 
not pass through the ceU -nail Thus, administered creatme enters cells 
agamst apparent concentration gradients to foim phosphocreatine (5, 6) 
Such unstable compounds of the ammo acids might be identical with the 
high energy mtermediates postulated m peptide bond formation (7), foi 
example N-phosphoryl compounds We have been interested m the pos- 
sibihty that the magnitude of the distribution ratios of amino acids betv een 
cells and extracellular fluids might determine whether growth or wasting 
occurs 

In the present commumcation evidence is reported that gl 3 '^cme is dis- 
tributed according to a characteiistic ratio between the cells (liver and 
muscle) and the extracellular flmd Amino acids which produced high 
concentrations in the orgamsm w'hen fed produced a dimmution of the 
distribution ratio (cells to extracellular fluid) for glycine Similarly when 
high glycine levels w ere produced by feedmg gl 3 ’’cme, the distribution ratios 
for the non-gl 3 mme ammo acids w ere reduced Of the ammo acids tested, 
only glutamic acid produced increases lather than decreases in the dis- 
tnbution ratios of the three categones of ammo acids determined We 
interpret these flndmgs to mean that each of the ammo acids, when at 
high concentration, competes with other ammo acids for the means em- 
plo3ed by cells for the concentiation of amino acids, and that L-glutamic 
acid m some wa}’’ contnbutes to the mtracellular concentration of other 
ammo acids 
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EXPEREVIENTAL 

Guinea pigs of both sexes (300 to 550 gm , Rockland Farms) were mam 
tamed upon the Rocldand guinea pig diet with gieens in addition tivo or 
tliree times a week Ammo acids and sodium benzoate A\eie admimstered 
by mouth to ammals aftei a 12 houi fast, m eithei a neutial solution oi 
a suspension by a diopper pipette, and washed dowm with wmter Feed- 
ings w'ere piactically quantitative Dosages weie usuall}'' 10 to 20 milli- 
moles of ammo acid pei kilo of body w^eight With a view'’ to having moie 
01 less steady absoiption from the gut foi neaily 3 hours, two-thirds of the 
total amount of ammo acid w'as given at the beg innin g of the experiment, 
one-si\th an houi latei, and one-sixth 2 houis latei The anmials weie 
saciificed at 3 houis Omitting the latei two poitions and sacrificing the 
animals at 2 horns did not modify greatly the effects obseiwcd wnth glycme 

Othei expel imcntal details have been desciibed (S), including the iletei- 
mination of glycme (9) and of glutamine a-ammo nitiogen and noii-ghita- 
mme a-amino mtiogen, both at pH 4 7 with mnhydim (10) The a-ammo 
nitiogen w as thus divided into three categoiies, that due to glutamine, that 
due to glj''cine, and that due to iieithei, wluch foi convenience wnll be 
called the “lesidual” a-ammo acid nitrogen Glycme was lecoveied as 
well (101 db 3 pel cent) fiom the piciic acid-lead acetate filtrates at 
various levels of eniicliment of tissues, as fiom standaid solutions Coi- 
rections (small, but appieciable) w^eie made loutmely foi the foinial- 
dehyde obtamed in the absence of mnhydrm The specificity of the glycine 
method (9, 11) is supported b 3 ’- the obseiwation that the deduction of the 
values for gfycme nitrogen from the values for the total a-ammo mti ogen 
ehmmated most of the vaiiabihtj'' of the lattei values To enhance the 
piecision of the glycme determmation, aliquots usuaUj’- wui e selected w'liich 
gave optical transmittances between 45 and 60 per cent 

The concentiation of each categoiy of mtrogen m mg per gm of cell 
water W'as calculated from the piopoitions of extiacellulai and mtiacellulai 
water, determmed accordmg to Lowry and Hastmgs (12, S) The water 
distnbution w'as determmed in the tissues of the control anim als and of 
those receivmg sodium benzoate or glycme, but average normal values 
w'ere assumed for other ammals when it became apparent that vanations 
m W'ater distnbution were not of significant magnitude The differences 
reported have been checked for statistical significance (13) 

Pephdes m Tissues — ^We have attempted to measuie peptides m tissues 
bv analj^zing filtrates prepared with picric acid, followed by neutial lead 
acetate (10) The picric acid filtiatcs contained conjugated a-amino nitro- 
gen not passing through cellophane equivalent to about 2 mg per 100 gm 
of tissue, indicating about 99 9 pei cent lemoval of protein The lead 
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acetate treatment, hoB evei , left only 0 02 mg per cent of non-dialyzable 
conjugated a-ammo nitiogen, so that dialysis of these filtrates was un- 
necessarj^ 

The folloinng results foi conjugated a-ammo nitrogen i\ere obtamed 
five gumea pigs, liver 0 2 mg per cent (tr = 0 2), muscle 3 2 mg per cent 
{<r = 11), kidne}’’ 1 0 mg per cent (<t = 0 8), mouse carcass 1 9 mg per 
cent, mouse carcass yith skm 7 0 mg per cent 

Tlie lead acetate precipitation, designed to remove the abundant 
glutathione, imdoubtedb’’ removed othei peptides Fiom a fibnn hydroly- 
sate, for example, contammg about two-thirds of the ammo acids m con- 
jugated foim, 42 per cent of the conjugated ammo acid mtrogen was re- 
moved by lead acetate under conditions simulatmg those used in prepanng 
tissue filtrates One may conclude that tissues, especiaU 3 ’- muscle, contam 
appreciable concentrations of non-protem ammo acid conjugates other than 
glutathione .Vnfinsen and Beloff^ have concurrently made similar ob- 
seiwations upon the livei s of rats 

Effect of Lead Acetate Treatment upon Free Amino Acids — The lead ace- 
tate filtrates weie not ideal for the measurement of free ammo acids but 
seemed preferable to glutathione-nch filtrates About one-tenth of the 
a-ammo acid mtrogen was lost fiom plasma b\' the treatment, and 14 
per cent from a fibnn hydrolysate The ammo acids removed most ex- 
tensively bj'- lead acetate when they were added to plasma and tissue fil- 
trates were glutamic acid (60 to 80 pei cent), aspartic acid (50 to 70 per 
cent), and histidme (about 50 per cent), as mdicated bj^ the loss of a-ammo 
nitrogen Glj’^cme, alanme, senne, phenjdalanme, and piolme were not 
lost to a measurable extent, methionme, tjTOsme, and leueme suffered 
losses of 10 per cent or less For manv of the plasma samples, a-anuno 
nitiogen was determined both before and after lead acetate treatment, 
the onl}' plasmas showing severe losses were those obtamed after histidme 
feeding 


RESULTS VND DISCUSSION 

The gh'cme nitrogen of the plasma of noimal guinea pigs varied for 
unknown reasons fiom 0 4 to 2 6 mg per cent, the coefficients of vanation 
(tr/mean) were 0 60, 0 50, and 0 52 respectiveh for gb cine m plasma, liver 
cells, and muscle cells Gh cme contnbuted most of the a ariabilitj^ of the 
ammo acid concentrations of these tissues (Table I) The aanations m 
glycme, however, occurred together in the three tissues, so that coefficients 
of correlation among them were above 0 9, or, expressed m another w ay, 
the coefficients of vanation of the distnbution ratios w ere 0 17 and 0 25 


1 Personal communication 
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The Iivei cell tended to contain 33 times as much glycine as the extiacel- 
lulai fluid, the muscle cell, 8 3 times as much The lesidual ammo acids 
shoiAed distiibution latios of 15 7 (tr = 3 0) and 5 3 (cr = 11) foi liver 
and muscle lespectively The lesidual ammo acids were not sufficiently 
variable to establish that then changing values in the hvei, muscle, and 
plasma veie positively con elated The suipiismgly laige propoition of 
the free amino acids lepiesented b}'^ glycine (31 to 63 per cent of the non- 


Table I 

Effects of Ingestion of Benzoate (300 Mg per Kilo) and of Glycine, Glutamate, and 
Aspartate (Each SO mu per Kilo) upon Distribution of Ammo Acids 
between Extracellular Fluid and Cells of Liver and Muscle 
The mean values are given, followed by the standard deviations 



Glutamine 

Gl>cinc 

“Kesidual” 


a Ammo N in 

a Amino N in 

(Cellular) 

a Ammo N in 

(Cellular) 


cell water 

cell water 

(Extracellular) 

cell water 

1 

(Extracellular) 


mg Percent 

mg percent 


1 

mz percent ; 


Controls (13)* 







Liver 

5 Srfc 1 4 

32 rfc 16 

33 ±5 

38 ± 

6 

15 7 ± 3 0 

Muscle 

Benzoate (3)t 

5 5±1 8 

8 6dr 4 6 


13 2 ± 

2 9 

5 3±1 1 

Liver 



19 ±24 

51 ± 12 

25 ±7 

Muscle 



16 5 ± 1 6 

27 ± 14 

13 5 ±8 

Glycine (4) 







Liver 


129 ± 13 


22 ± 

9 

7 0± 2 6 

Muscle 

Glutamate (5) 


41 ± 8 

1 7±0 2 


1 8 

3 0± 0 4 

Liver 

10 3 ± 2 1 

33 ±62 


49 ± 

4 4 

21 ±3 7 

Muscle 

8 5 ± 2 4 



21 5 ± 

5 5 

7 9± 1 1 

Aspartate (3) 

Liver 


37 ± 3 

31 ±2 

44 ± 

1 4 

21 ±3 

Muscle 




17 ± 

1 8 

7 9± 1 5 


* The figures in parentheses represent the number of animals 
t Animals sacrificed 70, SO, and 120 minutes after feeding sodium benzoate 


glutamine a-amino niti ogen in livei , 19 to 56 pei cent m muscle) may be 
1 elated to the i datively laige contiibution of glycine to uiinary ammo acid 
conjugates in man (11) 

Sodium Benzoate — A dose of sodium benzoate (300 mg pei hilo of body 
■weight) vhich should stimulate a neaily maximum rate of sjmthesis of 
hippunc acid i educed the free glycine of liver and secondaiily that 
of plasma, so that the distiibution latios, Inei cell to plasma, and muscle 
cell to plasma, moved downtvaid and upwaid lespectively (Table I) 
This illustrated •what happens when the ■withdraival of an ammo acid is 
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stimulated m one of the tw^o tissues, and is to be contrasted -with the effects 
of L-prolme or DL-serine, for example, which caused both liver and muscle 
cells to lose glycme (see belou ) The results indicate a predommance of 
the liver over the kidneys (14) m hippuric acid synthesis in the guinea 
pig, the distnbution ratio for glycine between kidney and plasma being 
httle changed Accumulation of hippunc acid m the liver (measured as 
conjugated ammo acid nitrogen extractable by ethyl acetate) was small, 
m one case 1 7 mg per cent of mtrogen 
jj-Amtno Acids — Of the ammo acids admmistered (exceptmg dl forms) 
ir-prolme, L-histidme, glycme, and n-methionme caused large rises m plasma 
ammo acids These ivere also the ammo acids giving the largest nses m 



5 2 4 6 8 10 12 14 16 

REISIDOAL o- AMINO NITROGEN MG /OO ML PLASMA 


Fig 1 Relation of the distribution ratio for glycme between liver cells and extra- 
cellular fluid, to the plasma residual a-amino acid nitrogen after the feeding of indi- 
ndual amino acids A = dl alamne, H = i, histidine hydrochlonde, M = L-methi- 
onine, P = L-proline, <S = ni, senne, T = Dn-threonine, F «= dl valine -f, expen- 
ments with other ammo acids, •, fasting controls 

the ammo acids of liver and muscle cells As the glycme concentration 
of the plasma was mcreased after glycme feedmg, the distnbution ratios 
for glycme were decreased (although the absolute mcrease in the glycme 
concentration was always greater m the cells than m the plasma) Simi- 
larly, at high concentrations of residual a-ammo mtrogen, the distnbution 
ratio of this category was reduced This would be expected if the capacity 
of cells for concentrating each of the ammo acids is limited But whenever 
large elevations of the plasma gtycme were produced, the distnbution 
ratios of the other (residual) ammo acids, betv een the cells (hver and mus 
cle) and the plasma, -uere also depressed (Table I), -with an accompan 3 ung 
nse m plasma concentration Similarly, -whenever the plasma residual 
ammo acids were elevated, the distnbution ratio of glycine between hver 
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cells and extracellular fluid was deci eased approximately m pioportion 
(Fig 1) The mgestion of L-prolme caused the plasma glycine nitiogen 
to nse to the ex-tiaordmaiy level of 7 7 mg pei cent with the distnbution 
ratios falhng below one-third of noimal An effect upon the muscle glycme 
was not apparent under the conchtions of the experiments, except in the 
case of prohne 

All the othei L-ammo acids exaimned gave undetectable to modeiate 
mcreases m the plasma a-annno acid nitiogen, smaUei effects upon the 
g-amino acid mtrogen of hver cells, and no significant effect upon the 
distnbution of glycme The majonty of the ammo acids tested caused 
increases of the a-aimno mtiogen of muscle cells of the guinea pig {cf (2)) 
Seveial of the diffeiences m plasma response to ingested amino acids re- 
corded heie ha^ e been noted befoie m other species (15-23) 

DTj-Anniw Acids — In cases wheie compansons ere made (alamne, senne, 
leueme, and phenylalamne), the DL-amino acids elevated the plasma ammo 
acid concentration more than the con esponding l acids The mtense effect 
upon glycme distribution pioduced by high accumulations of an ammo 
acid vas also obtamed ivith PL-ammo acids (thieonme, serme, vahne, and 
alamne), muscle as veil as the livei bemg affected (Table 11, Fig 1) 

The ammo acids appear to show competitive inhibition among themselves 
for the means by which the cells concentrate ammo acids, mdicatmg that 
these means do not operate mdependently foi each ammo acid An iden- 
tical mechanism could scaicelj’’ concentiate each of the large number of 
ammo acids and yet maintain chaiactenstic distributions for each m the 
face of the vai rations of the ammo acid mixtures presented Thus, a high 
plasma glycme level reduced the distribution ratio of other ammo acids 
much less than that of glycine itself The slope indicated roughly bj’- the 
points of Fig 1 suggests that an mciease of about 9 mg per cent of a-amino 
nitrogen due to a siugle ammo acid in the plasma (t e , about 9 tunes the 
glycme concentration) halves the abihty of the hvei cell to hold gl^Tine 
Protein synthesis obviously requires the presence m some form and at some 
hmiting concentration of eveiy ammo acid (essential oi non-essential) 
which must be built into the molecule As a corollary, it may be infeiied 
that, vhen a strongly as 3 unmetiic accumulation of ammo acids is produced 
by feeding or injection, the ability of the cells to retain other ammo acids 
Mill be handicapped and one maj'- expect an mhibitoiy effect upon giovtli 
or nitrogen retention Thus, the difliculty m producing optimum grovth 
of rats vith diets containing gelatin supplemented vith ammo acids, oi 
with diets containmg 5 to 6 per cent of glycme, L-proIme, or DL-phenylala- 
mne (24, 25), may v ell be an effect of the excessive accumulation of one or 
more amino acids The ammo acids producing high blood concentiations 
upon feeding are the ones vhich cause extra energj’^ production (“heat of 
specific djmamic action”) and m some cases extra urea excretion (16, 26) 
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Table II 

Effects of Ingestion of Several Other Ammo Acids upon Dtslnbuiton of Amino 
Acids between Extracellular Fluid and Cells of Liver and Muscle 
Because of the great variability in glycine concentrations the distribution ratio 
(glycine nitrogen per 100 gm of cell water to 1 05 X mg of glycine mtrogen per 100 
ml of plasma) appears more useful For the residual a-amino acids the cellular con- 
centration IS the more useful value because of its relative constancy Mean values 
followed by standard deviations are given where two or more animals are grouped 


Amino acid fe<i 

Dosage, 

mitper 

kilo 

Glyone 

Residual a amino N 

Plasma 

Liver 

Muscle 

Fbsma 

Elver 

Muscle 

a Amino N 

Distri 

button 

ratio 

Distn 

bution 

ratio 

a Amino 

1 N 

Concen 
tration in 
cell water 

Concen 
tration m 
cell water 



mg fer 



mg per 

mg per 

mg per 



cent 



cent 

cent 

cent 

Fasting (13 ammals) 


1 02 

33 

8 6 

2 46 

38 

13 2 



±0 61 

±5 

±2 1 

±0 53 

±6 

±2 9 

1 ,-Alamne 

10 

0 92 

31 

8 6 

3 86 

46 

24 

t( * 

10 

0 73 

26 

7 1 

4 76 

34 

22 

DL-Alamne* 

10 

1 22 

31 

6 2 

6 6 

46 

21 

tt 4> 

20 

1 52 

21 

6 4 

11 6 

41 

31 

L-Serine 

12 5 

1 95 

28 

6 5 

2 92 

60 

20 

DL-Serine* 

12 5 

0 82 

37 

8 0 

3 19 

62 

19 

if 

12 5 

2 4 

23 

5 9 

5 39 

64 

22 

Dii-Senne* 

* 20 

3 1 

13 5 

3 4 

12 8 

95 

21 

DL-Threomne* 

15 

1 89 

18 

8 0 

12 2 

93 

23 

nii-Valine* 

15 

1 0 

20 

6 6 

13 8 

49 

28 

n-Leucine (3 ammals) | 

10 

1 24 

33 

9 9 

4 4 

34 

15 2 



±0 46 

±6 

±1 7 

±0 9 

±2 

±4 7 

nii-Leucine* 

10 

0 51 

39 

11 

6 54 

35 

21 

L-Proline* 

15 

7 7 

9 

2 2 

15 8 

72 

30 

L-Methiomne (2 am- 

10 

0 85 

22 

9 8 

10 0 

83 

23 

mals) 


±0 05 

±2 

±1 0 

±0 8 

±2 

drl 

li-Phenylalamne* 

10 

0 81 

33 

8 6 

3 81 

42 

17 0 

DL-Phenylalamne* 

10 

0 99 

,36 

9 7 

5 00 

43 

17 9 

L-Tyrosine 

10 

0 95 

29 

10 3 

4 1 

38 

19 2 

L-Tryptophan 

10 

0 77 

37 

11 

4 8 

38 

18 5 

li-Ormthine 

6 4 

0 76 

37 

10 9 

3 12 

48 

20 6 

L-Lysine 

10 

1 96 

27 

9 2 

4 29 

43 

16 

L-Argimne (2 ammals) 

10 

0 94 

33 

10 1 

2 6 

48 

17 



±0 15 

±1 

±0 3 

±0 8 

±7 

±4 

L-Histidine (2 am- 

10 

1 07 

13 7 

9 7 

13 4 

70 

24 

mals) 


±0 12 

±1 5 

±0 5 

±3 1 

±11 

±1 


* Basal ration supplemented with pyridoxine, 5 mg per kilo 


The elevation of the alanine concentration of plasma when glycme is 
ingested by man, and of the glycme concentration when DL-alanme is fed 
(13), is an additional illustration of the response of cells to high concen- 
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CELLULAR AND EXTRACELLULAR AMINO ACIDS 


trations of an ammo acid Decreases m the plasma concentration of several 
ammo acids in dogs after DL-methionine feeding were noted by Hier and 
Bergeim (21) Humans fed glycine showed increased amino acid conju- 
gates in plasma ((11), cf (17)) The conjugated ammo acids of an ultra- 
filtrate of the plasma of a dog were doubled after a dose of L-glutamic acid 
which elevated the portal a-amino mtrogen to 10 7 mg per cent ” High 
plasma concentrations of an amino acid may piovoke loss of peptides as 
well as of free ammo acids from cells 
The observations recorded here may also assist in explaining the uiinaiy 
losses of ammo acids m mice fed peroxide-treated piotems (27), and the 
production of vomitmg during the infusion of DL-ammo acids and of 
L'glutamic and L-aspartic acids (28-30) 
jj-Gluiamic Acid — The failure of L-glutamic acid absoiption to increase 
noticeably the ammo nitrogen of peripheral blood was noted by Seth and 
Luck (16) Increases occurred m poital blood, however In our experi- 
ments, none of the thiee fractions of the ammo acids of caidiac plasma was 
increased during glutamic acid absorption by gumea pigs, m fact, the 
residual ammo acids were decreased (means, fasting, 2 46 mg pei cent, 
after glutamic acid, 2 01 mg per cent) 

In a partially gastre atomized dog receiving by mouth 20 mM of 
L-glutamic acid (as sodium glutamate) per kilo of body weight, we observed, 
m collaboiation with Dr Charles Dent,^ a net decrease m the glycine, 
glutamine, and residual a-ammo nitrogen in both the portal and jugular 
plasma, following prehmmaiy increases, especially of the residual a-ammo 
nitiogen in the poital plasma 

The explanation, we believe, lies m an inci eased uptake of vaiious ammo 
acids by tissues when glutamate is fed Each of the three categories of 
ammo acids deteimined was inci eased m hvei and muscle cells of guinea 
pigs, and each of the distribution ratios was elevated while glutamate 
was bemg absorbed Glycine does not appeal to undergo transamination 
with the glutamate-a-ketoglutarate system (31, 32) 

After feeding L-aspartic acid, as iinth L-glutamic acid, the plasma con- 
centrations were not elevated, wheieas the residual ammo acids m liver 
and muscle were mcreased The distribution of gb^’cme was unaffected, 
however 

It IS concluded that glutamate (oi a-ketog’utaiate) is somehow involved 
m the system by which the cells concentrate the ammo acids presented to 
them in the extracellular fluid Whether the observed effects are related 
to the conversion of glutamate to a-ketoglutarate (transamination) or to 
the disposition of the a-ketoglutarate with resultant formation of high 

* Unpublished results with Dr Charles Dent 



CHEISTENSEN, STREICHEB, AND ELBINGBB 


523 


energy phosphate compounds, or to other reactions, remains to be deter- 
mmed 


SUMMABT 

1 Glycme represented a large and highly variable portion of the ammo 
acids of skeletal muscle and hver of gumea pigs The glycine of the muscle 
cells, hver cells, and plasma were covanant, so that fairly constant distnbu- 
tion ratios were mamtamed The glutamme levels of these tissues were 
also highly vanable but vuth httle covariance among them The con- 
centrations of the non-glutamme, non-glycme (“residual”) ammo acids 
were moderately constant 

2 Those ammo acids which upon feedmg caused high plasma concen- 
trations (n-prolme, n-histidme, glycme, n-methionme, DL-threonme, nn- 
serme, nn-valme and nn-alamne) caused the largest mcreases m the ammo 
acids of liver and muscle cells 

3 When high glycine levels were produced by feedmg glycme, not only 
was the distnbution of glycme affected but the distnbution ratios of the 
residual ammo acids (cellular to extracellular) were also reduced 

4 Those ammo acids which produced high concentrations m the or- 
gamsm caused a reduction not only of the distnbution ratios for the cate- 
gory to which they belong but of the glycme distnbution ratios as well 
Those ammo acids which gave small nses m the plasma concentration 
had httle if any effect upon glycme distnbution 

5 Glutamic acid alone of the ammo acids studied produced an increase 
m the distnbution ratios of each of the three categones of ammo acids 
determmed The plasma ammo acids were diminished durmg glutamate 
absorption 

6 These observations are mterpreted to mean that the vanous n- nnrl 
D-ammo acids compete with each other, although only to a restncted ex- 
tent, for the means by which cells concentrate the ammo acids presented 
to them by the ex-tracellular fluid, and that L-glutanuc acid contnbutes m 
some way to this concentratmg mechanism 
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THE ACCmiULATION OF OROTIC ACID BY A PYRIMIDINE- 
LESS MUTANT OF NEUROSPORA* 


Bt HERSCHEL K MITCHELL, MARY B HOULAHAN, and 

JOSEPH F NYC 

(From the William G Kerclhof Laboratories of the Biological Sciences, California 
Institute of Technology, Pasadena) 

(Recei\ ed for publication, October 27, 1947) 

The discovery of orotic acid (I, d-carbovjoiracil) m cow’s milk by Biscaro 
and Bellom (1), followed by its identification and synthesis (2-4), led to a 
number of speculations as to its biological origin and sigmficance (3, 5, 6) 
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A defimte connection of orotic acid mth the biosynthesis of nucleic 
acid pyrimidines is provided by the finding that orotic acid (7) as well as 
thynnne (8, 9) can supplement or replace the fohe acid reqmred by certain 
imcrooigamsms As suggested by Chattav ay (7), it would appear that fohe 
acid has a function in the biosynthesis of pynmidines Furthermore, tins 
function IS probably concerned in some step pnor to the appearance of 
orotic acid in the biosynthetic senes 

More recently it was shovm by Lonng and Pieice (10) that orotic acid 
could be substituted foi uracil m satisfying the grov th requirements of some 
'pynmidineless mutants of the mold Netirospoi a 

Investigations on orotic acid in thislaboiatorj^ have led to a new method 
of synthesis of the compound (11) and to some suggestions concermng its 
relation to the biosjmthesis of nucleic acids in Ncurospora (12) The 
lesults of the present w ork are in accord wrth the pre%nous suggestions and 
provide further evidence on the biological ongm and function of orotic acid 

* These im estigations were supported bj the Rockefeller Foundation and the 
Wilhams-Waterman Fund for the Combat of Dietary Diseases 
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BIOSYNTHESIS OF OROTIC ACID 


EXPERIMENTAL 

Accumulation of Orotic Acid — Orotic acid has been found to be accumu- 
lated m laige quantities by three mutants of Neurospora Strain 38502 
has been pieviously desciibed \iath lespect to genetic constitution (13) and 
gro'wth characteiistics (12) Strains 36601 and 37709 have not been 
consideied before, but they may be tentatively assumed to be an independ- 
ent lecuirence of the same mutation as that in stiain 38502 During 
giowth m the piesence of cytidme these mutants excrete oiotic acid into 
the cultuie medium in which it can be determined by means of its absorp- 
tion spectrum (14) oi by its giowth-promoting effect on mutant 263 (12) 
The maximum quantity produced in experiments thus far earned out is 
1 3 mg per ml of culture fluid This quantity is slightly less than the 
maximum solubility of oiotic acid at 25° 

A variety of cultuie conditions and methods of isolation has been investi- 
gated In most cases mutant 38502 was grown at 25° from a conidial 
inoculation of 15 liters of mimmal medium (15) supplemented inth 250 mg 
of cytidme sulfate Aftei 4 to 7 days growth under foiced aeration the 
mycelium was filtered off and discarded, since it contained only a small 
amount of oiotic acid Nearly all of the compound is accumulated during 
the rapid gi owth of the fiist 4 days A better yield was obtained when the 
cultuie fluid contained 40 gm of CaCOs This substance serves to main- 
tain the pH of the medium above 5 5 and thus allows a moie luxuiiant 
giowth of the mold Orotic acid is also produced in laige quantities when 
stiain 38502 is giown in the presence of corn steep hquor, yeast extract, oi 
hvei extiact 

Isolation — ^Although several methods of isolation have been utilized, the 
simplest consists of ciystallization of the sparingly'’ soluble potassium salt 
fi om the cultui e fluid after evaporation to a relatively small volume As an 
example, 7 5 liters of culture fluid, contaimng 6 9 gm of orotic acid as 
determined by absorption spectrum analysis, were evaporated in a labora- 
tory vacuum flash evaporator to 800 ml The salt began to crystallize 
befoie the evaporation was completed Aftei coohng, the potassium 
orotate v as filteied and air-dned The yield of crude product (better than 
90 pel cent pure) v as 6 3 gm , calculated as orotic acid 

Oiotic acid may also be isolated by adsorption on charcoal, followed by 
elution until amline oi ammonia These procedures have no apparent 
advantage o\ er the dii ect method when one is deahng unth relatively small 
\olumes of medium 

Orotic acid may be obtained from any of its salts by boiling a short time 
m 300 parts of 2 n HCl On cooling, the acid crj'^stallizes unth 1 molecule^of 
uatei that lequires tempera tines above 110° foi lemoval 
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Identification of Isolated Compound — ^The substance isolated was re- 
crj’^stallized tmee from 'uater and dried at 135° undei a vacuum The 
product gave the follovang analyses C 38 41, H 2 75, N 17 70, calculated 
for orotic acid, C 38 48, H 2 56, N 17 94 Absorption spectra in 0 1 m HCl 
andO 1 M NaOH v ere identical mth those previously reported (11, 14) for 
synthetic orotic acid The isolated matenal was treated vath Bro according 
to the procedure of T\Tieeler (2), ginng a compound with the foUoivmg 
analyses N 9 84, Br 55 97, calculated foi 5,5'-dibromobaibitunc acidj 
N 9 78, Br 56 00 Mp 236-239°, a mixed melting point with 5,5'-di- 
bromobarbitunc acid gave no depression 


Table I 

Production of Orotic Acid by Pynmidineless Mutants and Double Mutants 


Strain 

Temperature of growth 

Orotic acid 

Orotic acid* 


•c 

Y Ptr ml 

y per ml 

38502 

25 

610 


38502-1048-5t 

25 

1100 


38502, 263 

25 

0 


38502, 37301 

25 

0 


38502, 67602 

35 

0 

20 

38502, 37815 

35 

0 

80 

263 

25 

0 


37301 

25 

0 


67602 

35 

0 

0 

37815 

35 

0 

0 


* After growth at 35° cultures of these mutants w ere placed at 25° for 2 days 
t A reisolated strain of the original strain 38502 


When tested for biological activity on Neurospora mutant 263 (12), the 
isolated compound induced the same amount of grovth as a sample of 
synthetic orotiC acid 

Orotic Acid in Undine Biosyntheses — ^In a pretnous pubhcation (16) 
use was made of double mutants of Neurospora for estabhshmg the order of 
reactions conti oiled by several different genes concerned mth a senes of 
reactions leading to the biosjmthesis of ademne In a similar fashion it 
Mould be expected that mutant genes concerned vath reactions m undine 
biosynthesis, coming before that controlled by strain 38502 (orotic acid 
producer), v'ould block the formation of orotic acid in the double mutant 
with strain 38502 Mutant genes concerned vath reach ons follovang those 
gl^ang rise to orotic acid should not affect tlie formation of the compound 
by a double mutant Preparation and genetic analyses of double mutants 
of strain 38502 vath strains 263, 37301, 67602, and 37815 have been de- 
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scnbed elsewhere (13) Production of orotic acid by these mutants is 
summanzed in Table I The cultuies were groAMi in 20 ml of meduun 
contaimng 0 4 mg of cytidine sulfate It should be noted that strains 
67602 and 37815 are alleles of stram 37301, but they carry a partial block 
and no genetic block, respectively, m undme synthesis at 25° 

From these data and those previously presented it is evident that bio 
synthetic leactions controlled by the mutations lepiesented by strains 263 
and 37301 come befoie that of strain 38502 m a series 


DISCUSSION 

Although eaily investigations had provided an indication that orotic acid 
has a sigmficant biological impoitance, the onlv diiect evidence of its 
occurience in biological systems ivas its isolation from milk (1) The 
piesent woik, which demonstiates the pioduction of laige quantities of tins 
pyrimidine by some mutants of Newospoia, establishes beyond question 
that orotic acid does have a sigmficant place in the biosynthesis of nucleic 
acids The evidence from voik on the N eiirospoi a mutants suggests the 
following scheme in the ongin and utihzation of orotic acid 


strain 37815 
“ 67602 

Strain 263 , “ 37301 _ strain 38502 

> A > B > undine 

A 

orotic acid-< 


^ cytidino 


It appeals probable that oi otic acid is not actually an mteimediate in the 
senes of leactions, since it is not utihzed bj’^ stiain 37301, though it is 
accumulated by stiain 38502 The leaction contiolled by the mid type 
allele of stiain 37301 must come befoie that of stiain 3S502, since the double 
mutant does not produce orotic acid From tins conclusion it is necessaiy 
that the leaction fioin B to orotic acid is iiieveisible The evidence that 
stiain 263 comes befoie strain 37301 in the senes rests on the fact that 
sti am 263 is able to utihze oi otic acid foi gi on th 

It IS possible that the orotic acid m con ’s milk anses fiom a side leaction 
in the biosynthesis of nucleic acid in the animal, analogous to the accumula- 
tion of the compound liy some of the ospo? a mutants 


suini VK1 

1 It has been shmvn that three of the Neurospora mutants that require 
undine, cytidine, or uracil for grondih accumulate large quantities of orotic 
acid dunng gi on th The acid is found almost entirely in the culture fluid 

2 Isolation and identification of the substance aie desenbed 

3 The relationship of orotic acid to nucleic acid biosj nthesis is chscussecl 
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It appears probable that orotic acid is a by-product and not a normal 
intermediate in the bios3Titheses 
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BIOTIN AND THE METABOLISM OF LACTOBACILLUS 

ARABINOSUS* 

By RICHARD L POTTER and C A ELITEHJEM 

{From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 

(Received for publication, November 6, 1947) 

It IS know that the requirement of microorganisms for certain groivth 
factois IS influenced bj’' the nutritive medium m a manner analogous to the 
effect of dietary regimen of animals on their vitaimn requirements In this 
connection it was found by Williams and Fieger (1) that oleic acid could 
substitute for biotin m the growth of Laclobacillus casei under their ex- 
perimental conditions Axelrod et al (2) have recently shown that this 
IS also the case for Ladobacilhts arahmosus Koser et al (3) were able to 
demonstrate that, for Torula cremorts, aspartic acid could largely substitute 
for biotm More recently Stokes, Larsen, and Guimess (4) have show 
a definite relationship between biotin and aspartic acid and were able to 
demonstrate that aspartic acid synthesis resulted when biotm was present 
Smce WiUiams and Fiegei (1) demonstrated that oleic acid does not cause 
biotm s 3 mthesis, it appears possible that biotm is responsible for synthesis 
of both aspartic acid and oleic acid 
The purpose of the investigation herem reported is to elucidate the re- 
lationship between biotm and these tw'o nutnlites and to determme whether 
there is a relationship between aspartic acid and oleic acid other than their 
common connection with biotm 


Methods 

The cultures were handled m the manner usually employed m micro- 
biological techmques (5) The agar stabs w'ere of the follonang composi- 
tion glucose 1 per cent, sodium acetate 1 per cent, I'C 2 HP 04 0 5 per cent, 
Difco solubilized yeast extract 0 5 per cent, Bacto-tryptone 1 per cent, 
Salts B 1 per cent, vitamins equivalent to the high biotm medium and agar 
1 5 per cent The daily transfer medium from w'hich the inoculum w as 
prepared was the same as the basal medium, except that it contamed 1 0 
mg of DL-aspartic acid and 2 0 my of biotm per 10 ml tube All growi.h 
experiments were earned out m EXmljm colorimeter tubes and readings 
W'ere made at 660 my against a blank of uninoculated medium set at 100 

• Published iMth the approial of the Director of the Wisconsin Agricultural Ex- 
penment Station Supported in part bj a grant from the National Li\ e Stock and 
Meat Board 
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on the galvanomctei Each tube ^\ as inoculated w ith 1 drop of a 0 9 per 
cent saline suspension of a 12 to 24 hoiii culture of the oigamsm The 
density of the inoculum was adjusted to a galvanomelei readmg of 85 to 95 
compaied to a tube of watei sot at 100 The organisms uere incubated 
at 37° for GO houiSj unless otheiwise indicated 
The composition of the double strength basal medium is given in Table 
I Biotin-free, low biotm, and high biotin media were prepared by adding 
0, 0 5, and 20 my of biotin respectively to each 10 ml tube 


Table I 

Composihoti of Double Stiength Medium* 



ins 


ms 

DL-Leucine 

200 

Glycine 

100 

Dii-Isoleucine 

200 

Ademnc sulfate dihydrate 

20 

DL-Valine 

200 

Guamne monohydrochloride 


L-Cjstine 

100 

dihydrate 

20 

L-Tyrosine 

100 

Uracil 

20 

DL-Methionine 

200 

Xanthine 

20 

DL-Tryptoplian 

50 


ml 

DL-Phenylalanme 

200 

Salts A (6) 

10 


Sm 

“ B (6) 

10 

I -Glutamic acid 

1 0 


sin 


ms 

Glucose (anhjdious) 

20 

jiii-Tlireomnc 

200 

Sodium acetate (anhydrous) 

20 

L-Lysine monolijdrochloride 



1 ^ 

monoliydratc 

200 

Calcium ])anlothcnate 


u-Argininc monohydrochloridc 

200 

Riboflavin 


L-Histidine monohj drochlorido 


Thiamine hj drochlorido 


monohydratc 

100 

Nicotinic acid 


1 -Proline 

100 

Pj ridovaniine dih 3 'drochloride 


DL-Senne 

100 

p-Aminobenroic acid 



sm 

Folic acid 

2 0 

DL-Alanino 

1 0 

Biotin as indicated 







* Adjust to pH C S and make up to 500 ml 


In picMOUs woik (1, 2) the oleic acid-sparing eftect was obseiwcd on a 
medium conl.immg ippaicntly adequate amounts of aspaitic acid, therefoic 
an attempt wat> made to discoier whetliei oleic acid was cftectivc on an 
ispaitic acid-frec medium The lesults are showm in Table II It mai 
be noted that onlj’- pooi giowth lebulted in the piesence of aspaitic acid oi 
oleic acid scpaiatelv on this biotui-fiec medium, but wdien both weie present 
fuilj good growth icsuUcd Tliib growth w'as impioved somewdiat bj 
idding Tween SO,’ <i non-ionic deteigcnt which makes oleic acid moie 

* Atlas Powder Companj product kindlj supplied by Dr E E Snell 
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available to the organism (7) Undei these conditions oleic acid and 
aspartic acid almost comjiletely replace biotin It can be seen m Table 
II that oleic acid and aspartic acid gave about the same gi on th on the biotm- 
free mediiun that aspartic acid gaic on the Ion biotin medium Since 
previous attempts to demonstrate biotm synthesis from oleic acid Iia\c 
failed (1), it IS hardly surprising that oleic acid ivas ineffective in the 
absence of aspartic acid Indeed this expeiiment proiides additional 
evidence that oleic acid is not a piecmsor of biotin, for, if it vere, aspartic 
acid ivould have been formed and gro'vs'th \s ould ha^ e ensued This biotm- 
spanng action of oleic acid and aspaitic acid can also be shoini m anothei 
ivay If an attempt is made to set up a biotin standaid ciuv-e mth and 
mthout aspartic acid, it is appaient that about 10 times as much biotin is 
required for maximum gi oirth m the case in u Inch aspartic acid is absent 

Table II 


Replacement of Biotin by Oleic Acid and Aspartic Acid for 
Lactobacillus arahtnostis 


Supplement 

Biotm lev el 

None 

Low 

1 

1 High 

None 

1 4* 

1 9* 


Oleic acid, 0 4 mg 

1 0 

4 2 1 


DL Aspartic acid, 2 0 mg 

4 6 

1 14 4 

B^^B 

Oleic + aspartic acid 

12 8 

13 0 

19 7 

“ + “ “ + Tween 80, 3 0 mg 

16 7 

I 



* Ml of 0 1 N acid produced per 10 ml tube in days 


This is shoim m Fig 1 In this experiment the amount of biotin required 
for half maximum acid production uas 0 44 and 5 9 my in the presence 
and absenee respectnelj of aspartic acid In either case the maximum 
imount of 0 1 N acid produced i\ as 20 ml per 10 ml tube Results similar 
to these were obtamed by Stokes el al (8) From these expenments it 
appears that oleic acid replaces the small amount of biotm required in 
the presence of aspaitic acid Oleic acid and aspartic acid iiill nearly 
replace the larger amount of biotm corresponding to the biotin standard 
cun e m the absence of aspartic acid Since it has already been pointed 
out that biotm is invoh ed in aspartic acid symthesis, a possible mterpreta- 
tion here u ould be that biotm is also invoh ed m oleic acid synthesn The 
small amount of biotm required i\ hen aspartic acid is present i\ ould cor- 
1 espond to the amount required for oleic acid symthasis 1 he larger amount 
of biotm required iihen aspartic acid is absent coiTcsponds to the amount 
required for synthesis of both oleic acid and aspartic acid It is apparent 
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that under these experimental conditions the biotin requirement for ac 
tivities other than aspaitic acid synthesis is relatively small 
At this pomt the biotin-aspartic acid relationship was investigated 
Stokes et al (4) have sho^vn that for several organisms aspartic acid syn- 
thesis occurs in the presence of biotin Lyman ei al (9) have shown that 
for one of these, Lactobacillus arahinosus, both vitamin Be and carbon 
dioxide are requiied foi aspaitic acid synthesis This suggested that 
biotm rmght be involved in caibon dioxide fixation in the S3mthesi3 of 
aspartic acid Since a number of heteroti ophic organisms are able to fix 
carbon dioxide by the /3-carbo\ylation of pjuuvic acid to form oxalacetic 



acid which can be tiansammated to aspaitic acid, it appeared that the 
piimaiy reason these oiganisms failed to giow on a biotm- and aspaitic 
acid-deficient medium was then inability to fix caibon dioxide The effect 
of seveial substiates on the giowth of the oiganism on low and high biotm 
medium v as studied The results shown in Table III indicate that oxal- 
acetic acid can partially leplace aspaitic acid on the low biotm medium 
The fculuie of the organisms to synthesize aspaitic acid on the low biotm 
medium must be a result of their inability to form oxalacetic acid It 
can be seen from Table III that bicarbonate, which had little oi no effect 
on growth m the low biotm medium, had a pionounced effect on growth 
m the high biotm medium Pyruvic acid had no effect on either medium 
apparently because it was present m sufficient concentrations at all tunes 



R Ii POITER AND C A BLVEHJEM 


535 


The failure of oxalacetic acid to give as good growth as aspartic acid may 
be due to its labibty Furthermore, some organisms are known to contam 
an active oxalacetic decarboxylase (10) The best results were obtained 
by addition of small quantities of oxalacetate for the first 20 hours of the 
expenment Additional amounts of p 3 mdo\amme or p 5 T’ido\al did not 
mcrease growth m the presence of oxalacetic acid, which indicates that 
transammation ivas probably not the limiting reaction Under these 
conditions /9-alanme gave no stimulation, but rather appeared to be slightly 
inhibitory Smce the medium contamed large amounts of a-alanme, the 
synthesis of aspartate by direct carboxylation of either of these compounds 
appears to be ruled out The 4-carbon dicarboxyhc acids, fumanc, malic, 
and succinic, were also inactive 


Table III 

Effect of Various Supplements on Low and High Biotin Media for 
Lactobacillus arabinosus* 


Supplement 

Low biotm medium 

Higb biotm me^um 

10 brs 

24 brs 

10 brs 

24 hrs 

None 

94 

90 

93 

44 

IOSCO,, m/270 

91 

89 

70 

30 

Oxalacetic acid, m/270 

87 

84 

67 

29 

Aspartic acid, 2 0 mg 

84 

72 

78 

25 

/S-Alamne, m/500 

94 

91 

93 1 

59 


* Galvanometer readings 


It appeared that these orgamsms were couplmg carbon dioxide andpjTOi- 
vate m the presence of biotm to synthesize aspartate Therefore, an at- 
tempt was made to halt the synthesis on high biotm medium by reducmg 
the carbon dioxide tension to a xtery low level However, upon aeration 
with carbon dioxide-free air no growth took place in anj’- tube Apparently 
the organism would not grow under these conditions, so an attempt was 
made to reduce the carbon dioxide tension in small increments by progres- 
sively lowermg the pH of the medium The results are shown m Fig 2 
From pH 6 5 to 5 5 groivth was nearly mdependent of acidity in the presence 
of the 4-carbon compounds, oxalacetic acid and aspartic acid Hon ever, 
when the carbon chain of aspartic acid had to be sjmthesized, a sharp break 
occuried in the grondh of the orgamsm betneen pH 6 0 and 5 8 "ftTiether 
this effect a as due to reduced carbon dioxide tension or to the effect of Ion 
pH on the enzyme nhich forms oxalacetate (11) is not knomi 
Burk and Wmzler (12) suggested earlier that biotm might function as a 
general carbon dioxide donor A prelimman mi estigation n as made of 
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otliei biological s3Titheses involving the addition of 1 carbon atom Of 
those leactions studied biotin did not appeal to be involved in the comer- 
sion of antluanilic acid to indole or the foimation of phenylalanine fiom 
j8-phenylethylamine and carbon dioxide The experimental oiganisms 
■would not conveit succinic semialdeliyde^ to a-ketoglutaiatc For some 
inexplicable leason oinithine was not converted to citrulhne and arginine 
could not be S3mthesized undei the expeiimental conditions of L5’Tnan (9), 
although citiulhne readily replaced arginine 

DISCUSSION 

The anomalous finding that either bicaibonate oi oxalacetate gave 
bettei lesults foi eaily giowth than the compound they appear to be 
incoipoiated into was mterpi^eted as being largely a caibon dioxide effect 



Fig 2 Effect of pH on bicarbonate utilization on high biotin medium 

Gladstone et al (13) have shown that carbon dioxide often induces the lag 
phase of bacteiial gioivth Howevei, oxalacetate is often slightly more 
active than aspaitate plus bicaibonate, which might possibly indicate that 
oxalacetate is used as a building block foi compounds other than aspartic 
acid Mitchell el al (14) has suggested that oxalacetate may be a startmg 
matenal for uracil synthesis m Neurospora 
While it ma)'’ be too eaily to speculate on the mterielationships among 
biotin, aspaitic acid, and oleic acid, several points stand out at this time 
Although eithei oleic acid oi aspaitic acid spares biotm, they cannot re- 
place each other Since biotin appears to cause the synthesis of aspaitic 
acid, this maj’- also be the case ivith oleic acid or other fatty acids Cer- 
tamlj’' oleic acid is not a precursor of biotin, as e\udenced bj’" the woik of 
Williams and Fiegei (1) and the data presented here '\Wnle no evidence 
has been presented to shou that biotin causes oleic acid sjmthesis, the 

- Gcncrouslj furnished bj Dr Simon Black, University of Chicago 
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biofin-oleic acid relationship appears to be analogous to the biotin-aspartic 
acid relationship K biotin is involved in both aspartic acid and oleic 
acid sjmtheses, it appears that they do not anse by the same mechamsm 
Fig 2 shovs that conditions vhich alter aspartic acid synthesis do not 
affect the oleic acid-replacmg actmty of biotm 
On the basis of recent expenments Williams and Fieger (15) have sug- 
gested that biotin may not be a component of an enzyme system but 
rather is mvolved m cell permeability or surface action However, until 
it IS shown that the detergents in their experiments are active in the absence 
of oleic acid or other fatty acids nutntionally important to the orgamsm, 
their data are compatible with a nutritional role for biotm and oleic acid 
WiUi ims, Broquist, and Snell (7) have shomi that inactive detergents are 
actn e in the presence of oleic acid for some Lactobacilli Certam other 
Lactobacilli have a nutntional requirement for oleic acid even m the pres- 
ence of biotm (7, 16) 

SUaOLART 

1 Aspartic acid and oleic acid can almost completely replace biotm 
for the grovdh of Lactobacillus arabinosus 

2 The biotm requirement of Lactobacillus arabinosus for aspartic acid 
synthesis is at least 10 times as great as that for the other functions of 
biotm 

3 At pH 5 8 or below biotm can no longer cause aspartic acid synthesis, 
probably because of low carbon dioxide tension The oleic acid-replacmg 
activity of biotm is not affected by changes m pH m this range 

4 Biotm appears to catalyze the jS-carboxylation of pyruvic acid 
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THE EFFECT OF PANTOTHENIC ACID DEFICIENCY ON 
ACETYLATION IN RATS* 
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Lipmann el al have shown (1) that coen2yme A‘ contains large amounts 
of pantothemc acid Smce this coenzyme has been shown to be essential 
for %n vitro acetylations of sulfamlamide (3, 4) and cholme (5), it seems 
sigmficant to detenmne whether acetylation m animals depends upon an 
adequate mtake of pantothenic acid 

Methods 

The ability of normal and pantothemc acid-dehcient rats to acetylate a 
foreign substance was compared by mjection of p-aminobenzoic acid (PAB) 
and the subsequent measurement of the acetylated PAB excreted Young 
male rats weighing around 100 gm or mature rats averaging over 300 gm 
were used m various experiments Those selected for pantothenate de- 
ficiency were given a punfied diet free of calcium pantothenate containmg 
73 per cent glucose, 18 per cent vitamm-free casern, 4 per cent com oil 
(hlazola), 4 per cent Salts IV (6), 1 per cent cod liver oil, and the followmg 
vitamins^ per 100 gm thiamme chloride 400 y, nboflavm 800 7, pyndoxme 
hydrochlonde 400 7, mcotimc acid 4000 7, and cholme chlonde 100 mg 
Control animals received 2 5 mg of calcium pantothenate per 100 gm of 
ration For acetylation measurements, a larger senes was run with 1 mg 
of PAB given mtraperitoneally per animal, and a smaller senes with 2 5 mg 
of PAB The urme of the followmg 24 hours was analyzed for total and 
free PAB by the method of Bratton and Marshall (7) Bound PAB was 
calculated by the difference and expressed as per cent which was bound 
of the total excreted dunng the 24 hours Blank runs showed no natural 
mterference with the test at the concentrations used Repeated PAB 

* Supported in part bj grants m aid from the Milbank Memorial Fund, New York, 
Nutrition Foundation, Inc , Nen York, and Smft and Companj, Inc , Clucago, 
Illinois 

1 This name has recent^ been used to identify the coenzjTne by Kaplan and Lip 
mann (2) 

• The crjstalline Mtamins used in this studj vere kindlj supplied by Merck and 
Companj , Inc , Rahwaj , Nen Jersej , and the glucose and corn oil bj the Corn In- 
dustries Research Foundation, Nen York 
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injections were made on the same animals AVith a mmimum of 3 days be 
tween subsequent doses 

Response of deficient animals to the missmg vitamin was determined 
on five rats which had been on the deficient diet for 2 months, on which 
consistently low acetylation values had been obtained Individual amoimts 
of 50 7 , 200 7 , 500 7 , or 1 mg of calcium pantothenate were injected 
intiaperitoneally m the same solution mth the PAB dose Followmg the 
50 and 200 7 doses, the animals were allowed to leturn to the previous loii 
acetylation values These same animals were then given the 500 7 and 
1 mg doses Finally, both deficient animals and controls were given 1 
mg injections of calcium pantothenate every 3 days Pantothenic acid 
excietions were measured at vaiious times on urine samples by micro 
biological assay, by the method of Hoag ct al ( 8 ) 

Results 

Table I summarizes the acetylation data on ten young rats initially 
weighmg around 100 gm each An average of nearly 90 per cent of each 
PAB dose was excreted m 24 hours by these animals, legaidless of dose 
size, supplement, or diet Normal animals showed an average of 683 
pel cent acetylated PAB out of the total excreted No marked change 
m acetylation was observed due to weight mcrease of the normals, although 
over the entire period of the exqieiiment (over 4 months) the values showed 
a slight diift upward as then weight increased from around 100 gm to 
well over 300 gm (Fig 1 ) Thus near the end of 4 months, the control 
animals bound 72 7 per cent PAB (Senes 3, Table I), as compared to the 
over-all aveiage of 68 3 per cent foi the entne 4 months Smee the acety- 
lations obtained after 24 hour fastmg (74 9 per cent bound) were measured 
near the end of the experimental period, this average has been compared 
with the 72 7 per cent acetylation value 

The ability of the pantothenic acid-deficient animals to acetylate PAB 
w'^as definitely below that of the control animals after 2 weelcs on the diet, 
when the determmations w^ere first made The average acetylation of 
50 0 per cent of 1 mg doses then remamed fairly constant, except for oc- 
casional radical variations With 2 5 mg of PAB, acetylations dropped 
to 36 7 per cent With this dose, the addition of 3 per cent sodium acetate 
to the diet caused a significant mcrease m acetylation to 43 5 per cent 
A similar rise ivith 3 per cent sodium acetate on 1 mg doses of PAB was 
observed, but the great vanation among the animals (s e = d=3 8 for a 
7 3 per cent mcrease) leaves doubt as to its significance Added acetate 
had no effect on the acetylation by normal animals, and 2 6 mg of PAB 
w’ere acetylated equally as well as 1 mg. 

There was no apparent tendency for a continued fall in acetylation 
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Table I 

icclylalton of p-Aimnobenzotc Acid by Rais on Normal and Pantothenic 
Acid-Deficieni Diets 


Senes 

No 

Treatment 

FAB 

dose 

Nbnnal 

Pantothenic acid deficient 

Trials 

No of 
am 
mals 

Acetylation* 

Trials 

No of 
am 
mals 

Acetylation* 

De- 

crease 



mg 



per cent 



per cent 

per cent 

1 

None 

1 

51 

4 


54 

6 

50 0 ± 1 2 

26 8 

1 

1% NaOAc diet 

1 

4 

4 

68 9 ± 2 9 

6 

6 

50 0 ± 2 9 

27 4 

1 

3% “ 

1 

3 

3 


6 

6 

57 3 ± 3 8 

19 1 

2 

None 

2 5 

3 

3 

66 3 ± 1 0 

6 

6 

36 7 ± 1 6 

44 6 

2 

3% NaOAc diet 

2 5 

6 

3 

65 1 ± 3 3 

12 

6 

43 5 ± 1 9 

33 1 

3 

None 

1 

9 

3 

72 7 db 1 7 





3 

24 hr fasting 

1 

9 

3 

74 9 ± 1 1 





3 

1 mg Ca panto- 

1 

12 

3 







thenateinjec- 










tion 










* Per cent bound ± standard error of the mean 



Fig 1 The effect of pantothemc acid dcficiencj and of various treatments on 
acetylation of p-ammobenzoic acid by rats PAB doses were 1 mg , except vhere 
indicated, and verc admimstered 24 hours before the acetjlation value plotted 1, 
2 6 mg of PAB dose, 3, 24 hour fasting, 3, 50 y of calcium pantothenate intraperi- 
toneallj , 4, 200 y of calcium pantothenate intraperitonealh , 5, 500 i of calcium 
pantothenate intrapentoneallj , <3, 1 mg of calcium pantothcn ite intraperitoneallj , 
7, 1 mg of calcium pantothenate intrapentoneallj nith each PAB dose given de- 
ficient animals, S, 1 mg of calcium pantothenate intrapentoneallj -nilh each PAB 
dose given normal animals 
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ability as the pantothenic acid deficiency progressed and the animals lost 
weight This lowez plateau is consistent with the observations of Olson 
and Kaplan,® who have found that the coenzyme A content of liver follows 
a somewhat similar course during pantothenic acid deficiency, falling to 
approximately one-fourth the normal concentration The combined 
evidence thus indicates that, under the conditions of these experiments, 
the ability to acetylate PAB is a function of the coenzyme A concentration 
In Table II are shoivn the responses obtained when the deficient rats 
were injected with various levels of calcium pantothenate Doses of 200 
or 500 7 of the vitamin gave slight but mconsistent increases in acetylation 
These were not significant on the few data available 1 mg doses, how 
ever, gave an immediate response to normal (69 5 per cent) This figure 


Table II 

Response tn Acetylation of 1 Mg Doses of p-Aminobenzoic Acid by Pantothenic 
Acid-Dcficient Rats Injected with Calcium Pantothenate 


Ca pantothenate 
injected 

Trials 

No of animals 

Acctjlation 

T 

54 

6 

fer cent* 

50 0 d: 1 2 1 

per cent oj normal’ 

73 


3 

3 

49 3 ± 1 4, 

72 


3 

3 

61 1 ± 5 2 1 

90 

500 

mg 

2 

2 

54 0 d= 1 6 

79 

1 

33 1 

5 

70 7 ± 1 1 I 

104 


* Per cent bound d= standard error of the mean 
t Compared to normal animals as 68 3 per cent (Table I) 


was not further inci eased by repeated doses Normal animals mjected 
mth 1 mg doses of calcium pantothenate acetylated 74 4 per cent, com- 
pared to the 72 7 pei cent obtained m immediately preceding runs (Series 
3, Table I) Fig 1 summaiizes the pei cent acetylation by normal and 
deficient animals as a function of time, illustrating the maiked changes 
which occurred when the vaiious tieatments weie given For clarification 
in demoDstiating the response of deficient animals given various amounts of 
calcium pantothenate, two cuives are shoivn for the rats on the panto- 
thenic acid-deficient diet 

Pantothenic acid excretion falls very rapidly within the 1st week on the 
deficient diet Deficient animals showing low acetylation ordinal ily ex- 
crete well under 1 y per day Following injection of the vitamin, up to 
50 per cent of a given dose may be lost duiing the first 24 hours Acety- 

’ Olson, R E , and Kaplan, K O , in preparation 
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lations did not return to the low value characteristic of the deficiency for 
2 weeks or more, m spite of no further source of pantothenate 

DISCUSSION 

The data m Table I show that the normal rats acetylated 18 per cent 
more of a 1 mg dose of PAB than those on a pantothenic acid-deficient 
diet This amounts to more than a 25 per cent decrease, due to the ab- 
sence of the vitamm With a larger dose of PAB (2 5 mg ) the deficient 
animals acetylated 29 6 per cent less than the controls, or a decrease of 
44 6 per cent of the normal Injection of 1 mg of calcium pantothenate 
into deficient animals immediately raised their acetylatmg ability to nor- 
mal, although smgle doses of 500 7 or less failed to give complete recovery 
m any animal The extra 1 mg to control animals already receivmg a 
supposedly adequate level of the vitamin m the diet resulted m a slight 
mcrease m acetylation which may prove significant with more trials 

Apparently a considerable amoimt of pantothemc acid (up to 1 mg ) 
IS needed at one time at the site of PAB acetylation (presumably the liver 
(9, 10)) for the immediate formation of sufficient coen2yme A to initiate 
a normal reaction after depletion In view of the rapid loss of pantothenic 
acid m the urme followmg administration of mjected doses, it would appear 
that the yield of coenzyme A is very small Indeed, Novelli and Lipmann 
(11) have shown that bacteria yield but 4 to 8 per cent coenzyme A from 
a given amoimt of added pantothenate On the other hand, animals 
retam remarkably good acetylation values (above 40 per cent), even after 
severe deficiency symptoms appear This may be due in part to the rela- 
tively low PAB dose of 1 mg given Dose size unquestionably has much 
to do with the amount acetylated, as measured m the 24 hour urine 
Bloomberg (9) reports that human subjects acetylate 100 per cent of a 
25 mg dose or less of PAB m 24 hours, while they bmd only 70 to 75 per 
cent of a 100 mg dose Martm and Rennebaum (12) report values of but 
3 per cent in 24 hour unnes of rats given 1 mg of sulfanilamide per gm 
of body weight Bemgno (13) found rabbits to acetylate 76 per cent of a 
dose of 0 03 gm of PAB per kilo of body weight m 12 hours, while Doisy 
and Westerfield (14), using 1 gm doses in 2 kilo rabbits, found 30 to 40 
per cent bound in 48 hour urmes Our control animals acetylated a 2 5 mg 
dose not significantly different from 1 mg (66 3 versus 68 3 per cent) In 
contrast, the deficient animals bound only 36 7 per cent as compared to 
50 0 per cent of the 1 mg dose, although with the larger dose the animals 
actually coupled twice as much acetate 
The addition of acetate to the diet did not produce any marked change 
m the ability of normal animals to acetylate either the 1 mg or 2 5 mg 
dose of PAB Short periods of starvation were also mthout effect How- 
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ever, with the deficient animals, the addition of acetate allowed considerable 
lmpl 0 ^^ement This was especially true at the highei dose of PAB when 
moie acetate was needed This effect may indicate that acetate formation 
IS abnormal m pantothenic acid-deficient animals as well as the enzjane 
which makes use of it, wheieas m normal animals the low doses of PAB 
used appaiently do not cause any appreciable strain on the body system 
for acetate oi coenzyme A formation oi function 

By use of D-labeled sodium acetate, Bloch and Eittenberg (15) have 
now well demonstrated that acetate acts directly in acetylatmg PAB and 
IS perhaps the sole diiectly contributmg substance (cf also (3)) Current 
workers, however, do not agiee on the effect of added acetate on acetyla 
tion ability of an animal (12) Much of such disagreement may be due 
to dose size, as already mdicated, to the animal used, or to the use of blood 
in piefeience to urme for analysis Martin and Eennebaum (12) ha\e 
shown the lack of correlation between blood and urme analyses These 
factors may explam completely the failure of these authom (12) to show 
lowered acetylations in pantothenic acid-deficient lats Then observed 
decreased acetylations m thiamme and in nboflavm deficiency may also 
be accoimted foi , smce both these vitamins are Icnown to function in en 
zymes which lead to formation of acetate It is possible that, when large 
doses of PAB or sulfanilamide are given, the stress is piimaiily upon those 
systems which supply acetate, whereas mth small doses failure of the 
acetylatmg mechanism may be shown more clearly The present findmgs 
indicate that pantothenic acid functions in the acetylatmg mechanism of 
the rat, presumably through coenzyme A of Lipmann and collaborators 

SUMMAKY 

1 Normal rats were found to acetylate 70 per cent of the amount ev- 
creted m 24 hours after a 1 mg or 2 5 mg dose of p-ammobenzoic acid 
admmisteied mtraperitoneally 

2 Rats rendered pantothenic acid-deficient acetylated only 50 per cent 
of a 1 mg dose and 37 pei cent of a 2 5 mg dose 

3 Simultaneous injection of 1 mg of calcium pantothenate to deficient 
anunals immediately returned then acetylation to normal 

4 The effect of added acetate, 24 hour fasting, and the size of the dose 
on the degree of acetylation have also been investigated 

The authors appreciate the suggestions and interest of Dr F Lipmann, 
Dr N 0 Kaplan, and Mi G D Novelli 
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SEPARATION AND CHARACTERIZATION 
OF CONALBUMIN* 

Br J A BAINt and H F DEUTSCH 

{From the Departments of Physical Chemistry and Physiological Chemistry, 
University of Wisconsin, Madison) 

(Received for publication, November 10, 1947) 

In addition to the ex-tensively studied ovalbumins, the egg vhite of 
chickens contains, among other proteins, an entity designated by Longs- 
worth. Caiman, and Macinnes (1) as conalbumm According to these 
mvestigators, it comprises approximately 15 per cent of the whole egg 
W'hite protein and migrates m this system as a smgle electrophoretic com- 
ponent over a wide senes of pH values How ever, when this component 
was separated by acidification of the albumm fraction of egg w'hite to a 
pH below' 4 0, the conalbumm showed two components upon electrophoretic 
and ultracentnfugal analysis 

It has been found possible to punfy this protein by ethanol fractionation 
to give a product which is a single component both by electrophoresis and 
by sedimentation Under the conditions we have used, this substance is 
separated as a flavoprotem, the dialyzable chromophore group of which is 
readily dissociated m solutions acid to the isoelectnc point of the protein 
earner 


EXPEHUrBNTAi 

The general techmques mvolvmg the vanables m the ethanol fractiona- 
tion of protem systems (2) were used m this w'ork Fresh egg white served 
as the starting matenal In all fractionations, the temperatures were 
maintamed wnthm 1° of the freezmg pomt of the system, the pH measiue- 
ments w ere earned out at 25° by means of a glass electrode The progress 
of the fractionation was followed by electrophoretic analyses of the products 
m a barbiturate buffer of pH 8 6 and ionic strength of 0 1 at a constant 
potential gradient of between 6 0 to 6 4 volts per cm Mobility determina- 
tions w ere earned out on 0 5 per cent solutions of the purified protein at 
constant potential gradients of approximate^' 4 5 \ olts per cm in 0 1 
lomc strength buffer solutions In these solutions NaCI supplied 80 per 

• This work was supported by grants from the Rockefeller Foundation and the 
Wisconsin Alumm Research Foundation 

t Postdoctorate fellow in phjsical chemistr 3 (Rockefeller Foundation) Present 
address, Department of Pharmacology, Uni\ersitj of Illinois College of Medicine, 
Chicago, lUinois 
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cent of the ionic strength, while the buffei ion, barbiturate, glycine, cacodj 
late, or acetate, depending on the pH, supplied the remamdei Tluough 
out this papei onlj'' the descending electiophoietic patterns are shoira 

Sedunentation analyses^ were earned out on 0 7 pei cent solutions of the 
conalbumm in 0 15 M NaCl in the standard Svedbeig oil-tiubine ultiacentn 
fuge at approximately 220,000 X giavitj'-, \nth a schlieien optical system 
to record the position of boimdaiies as a function of tune 

Absorption spectra weie detennined m a Beckman spectiophotometei 
The samples for the absorption measurements were made up at 2 per cent 
piotem concentration m 0 1 NaCl For each observation, 5 cc portions 
of the protem solution previously ad 3 usted to the desired pH were dialyzed 
for seveial days against lepeated changes of 0 1 m NaCl which had been 
adjusted to pH 4 3 or 8 3 with dilute acid or base ^ 

Results 

Apphcation of the conditions of the ethanol fractionation to chicken 
egg white foi the purpose of separating conalbumm resulted in the accom 
panying fractionation scheme The progress of a typical fractionation is 
sho^vn in Fig 1 by the electrophoretic patterns of the products obtained 
at the vaiious steps of the scheme The conalbumm is designated as C in 
the scheme and is analogous to the component of chicken egg white desig 
nated as Cz by Barn and Deutsch (3) Table I gives the results of a tjTiicnl 
fractionation m terms of purity of product and yneld It may be seen 
that the conalbumm has been isolated fiom egg vhite, in which it occurs ns 
16 pel cent of the total protems, and so puiified that a product is obtained 
which IS a single electrophoietic component undei the conditions of analj- 
sis Fiom 1 htei of egg vliite, it is possible without any special attention 
to yield to obtain 2 gm of this product This amount may be inci eased, 
if desired, by fui-ther fractionation of Precipitate III The purified prep- 
arations have a tendency to form a small amount of a viscous precipitate 
when the lyoplulyzed products are dissolved, appaiently’’ a result of dc- 
natuiation Attempts to crystallize the conalbumm were unsuccessful 

The presence of flavin m conalbumm was suspected duimg the course 
of pH-mobility investigations when it A\as noticed that the solutions vhich 
were dialyzed at pH 6 0 oi below lost their chaiacteiistic yell on coloi and 
became vatei -clear, while those samples dialyzed at pH 7 0 and above ic- 
mamed coloied Adjustment of the pH alone was not sufficient to bung 
about this change It appealed that some dialyzable chiomogen vas 
associated mth, or adsorbed on, the conalbumm at high pH and was 

^ All sedimentation experiments in ere earned out by Mr E M Hanson of this 
Laboratory His careful attention to this phase of the work has contributed much to 
our research 
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FracUonahon Scheme for Conalbumin 

Egg white (Fig 1, A) diluted 1 4 with cold 
HjO and dispersed with Wnnng blendor, pH = 87 


Centrifuged 


' Residue discarded 

•1 

Supernatant I 

0 1 N HAc added to pH = 75 

50% EtOH added to 20% 

Centrifuged 

Precipitate I (Fig 1, B)* 

Suspended ppt in HiO to give 1% solu- 
tion 

^ Added 0 5 m NaHCOj to pH 7 3 to 7 4 

M = 0 001 

j 1 

Supernatant discarded 

Discard 

Supernatant II 

Add 0 05 N HAc to pH = 47 and 
NaCl to n = 0 01 after addition of 
50% EtOH to 18% 

Discard 

Supernatant III 

Add 0 5 11 NaHCOi to pH 7 1 

95% EtOH to 30% 

Precipitate II (Fig 1, C) 

Suspended ppt in H 2 O to give 1% 

' solution 

Added 0 05 m HAc to pH 5 8 + NaCl to 

p = 0 01 

Centrifuged 

Supernatant PV 

Discard 

Discard 

Supernatant V 

Add 0 5 M NaHCOj to pH = 62 + 
50% EtOH to 10% 

Precipitate Hit 

Supernatant VI 

Add 95% EtOH to 25% 

Precipitate IV 

Suspend in HjO to give 1% solution 
vt pH 7 5 

Add NaCl, cool, add 50% EtOH to 25% 

M = 0 MS 

Supernatant VII 

Discard 

Precipitate V (Fig 1, D) 

Discard 


* All precipitates dried from the frozen state 

t Precipitate III may be rcaorked as Precipitate II to rccoier additional pure 
nnterinl as Precipitate V 
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dissociated and dialyzed away below pH 6 0 Evidence for this view is 
piesented in Fig 2, wheie the absoiption spectia of samples dialyzed at 
pH 4 3 and 8 3 aie given Cuiwe 1, dialyzed at pH 8 3, shows a maMmum 
at appioximately 280 niyu chaiacteiistic of piotein, and second and third 
maxima at 370 and 450 m/z lespectively, which aie piesumably due to the 
chromogen Cuive 3, dialyzed at pH 4 3, on the othei hand, shows only 



Fig 1 Electrophoretic patterns showing progress of fractionation of conalbumin 
Duration of experiment, A , 10,800 seconds , B and D, 7,200 seconds , C, 12,600 seconds 


Table I 

Results of Typical Fraclionalion in Terms of Purity and Yield 



1 

Total protein 

Conalbumin 

Yield of 
conalbumin 



gm 

per cent 

per cent 

Whole egg white (11), Fig 1, A 

120 

16 


Precipitate I,* Fig 1, B 

32 

54 

90 

t( 

II. “ 1. O' 

12 

91 

58 

it 

HI 

6 5 

78 

1 27 

It 

IV 

2 5 

99-100 

1 13 

tt 

V, Fig l,D 

2 3 

100 

12 


* Cf the accompanying scheme 


the maximum at 280 my. corresponding to simple proteins Cuive 2, 
with a prehmmary dialysis at pH 4 3, followed by a second dialysis at pH 
8 3, resulted in a pieparation showing only the 280 my maximum in the 
hght-absoiption cuiwe 

The fiist two maxima of Curve 1, Fig 2, coirespond closely to those of 
riboflavin (4) Fiirthennore, acid solutions of the conalbumin show^ed a 
maiked greenish fluorescence on madiation wuth ultraviolet light The 
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addition of 3 volumes of methyl alcohol to an acid solution precipitated 
the piotein, leavmg the fluorescent pigment in solution The absorption 
cuiTe of this methanol supernatant solution is shown m Curve 4 of Fig 2 
The maxima agree veil mth those lepoited by Warburg and Christian (4) 
for riboflavin, and by Ball (5) for xanthine oxidase, a flavoprotein Fm- 
thermoie, the yellow coloi of the conalbumm pieparations is discharged by 
addition of hydrosulfite to acid solutions 
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Pio 2 Absorption curves of conalbumm preparations Curve 1 represents a 2 
per cent conalbumm solution dialyzed 72 hours at pH 8 3, Curve 2, the same solution 
dialyzed 36 hours at pH 4 3, then 36 hours at pH 8 3, Curve 3, the solution dialyzed 
72 hours at pH 4 3, Curve 4, the supernatant resulting from addition of 3 volumes of 
MeOH to 2 per cent conalbumm solution at 38° 

A portion of the flav^m attached to the conalbumm is lost dunng the 
fractionation Thus, when a sample of Precipitate IV m the accompanymg 
scheme was separated stepinse mto tvo fi actions at pH 6 0, the first at 
11 5 per cent and the second at 25 per cent ethanol, it was found that 
Precipitate II contained onl 3 ’' 75 pei cent as much flavon per imit protein as 
Precipitate I, although both vere smgle electrophoretic components at pH 
8 6 Accordingly, ve aie unable to drav conclusions as to the molar ratio 
of flavin and protein in the nativ^e conalbumm, although the preparations 
vliich vere examined spectrophotometrically alwaj^s shoved less than 1 
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mole of flavin per mole of piotein In this connection, Tlieoiell ( 6 ) has 
concluded that the 3 ’^ellow enzjone contains 1 mole of flavin per mole of 
protein 

The isoelectric point of the conalbumin, as deteimined by pH-mobility 
studies (Fig 3), IS 6 1 at 0 1 ionic stiength, not gieatly diffeient from the 
values of 5 8 and 6 0 found by Longswoi th et al (1) foi the (7i and com- 
ponents Howevei , we have found no evidence f 01 moie than onecompo 
nent in buffers at 0 1 ionic stiength at any pH fiom 3 0 to 8 6 Indeed, as 
judged \usually, the peaks weie equally shaip and symmetiical througliout 
this pH range However, when the conalbumin was subjected to electro 



phoictic analysis at a low ionic stiength (0 01 ) and neai the isoelectiic 
point, seveial peaks appealed- Tlus lesult upon electiophoiesis at a 
low ionic stiength may be 1 elated to the amount of flavin associated with 
a gn en piepaiation and is being studied furthei Immunochemical studies 
also suggest the piesencc of moie than one piotein ’ ■\Mien a conalbumin 
sample was dialy'^zed foi 48 houis at pH 3 0 and then subjected to electio- 
phoiesis in a pH 5 2 buffei of 0 1 ionic stiength, two components appealed 
As seen fiom Fig 4, conalbumin, v Inch was dialyzed and studied electio- 
phoieticallj’- at pH 5 2, shoived the piesence of only one component These 
components lane been designated accoiding to the teirninology used by 

’ Albcrl3 , R \. , and Anderson, E A , unpublislied experiments 

^ Cohn, M , Wetter, L R , and Deutsch, H F , unpublished experiments 
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Longsworth, Cannan, and Macinnes (1) for a similarly modified protem 
system and are not analogous to the native Cz and Ci conalbumin com- 
ponents of chicken egg ■white, as recorded by Bam and Deutsch (3) 
Dialysis of the conalbumm at pH 4 5 against repeated changes of buffer 
for 5 days to remove the flann gave a product which, upon electrophoretic 



A B 


Fig 4 Electrophoretic patterns of conalbumin at pH 5 2 in 0 1 ionic strength 
buffer Duration of experiments, 10,800 seconds at a potential gradient of 3 8 volts 
per cm A, dialyzed for 48 hours at pH 5 2 only, B, dialyzed at pH 3 0 at 0 15 lomc 
strength for 48 hours prior to 48 hours dialysis at pH 5 2 



^ 

Fig 5 Sedimentation pattern of punfied conalbumin after 100 minutes at 220,000 
times gravity 

study m buffers of 0 1 lomc strength, shoned a single component mth the 
same pH-mobility values in the region of its isoelectric point as did the 
flavoprotem 

It IS of interest to note tliat the isoelectric point found bj Ball (5) for 
\anthuie oMdase \sas 6 2, as compared to 6 1 found for conalbumin The 
conalbumm, howeier, shoved no \anthme o-udase actmti as tested In the 
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Tliiinberg technique/ Ko other assays for enzjnne systems lequmng flavin 
weie attempted 

In the ultiacentrifuge, the conalbumm sedimented as a single component 
(Fig 5) having a velocity of S 2010 = 54 Svedberg units In order to apply 
a ciiteiion of homogeneity to a sedimentation diagiam, seveial apparent 
diffusion constants weie calculated fiom the data of velocity sedunentation 
expel iments An average appaient diffusion constant value of = 84 
X 10"'^ cm 2 pel second was obtained, and there was no increase in the 
constant vnth time Such a result indicates that the conalbumm is 
essentially monodispeise with legard to sedimentation properties Moie 
detailed diffusion studies by Kegeles, Costing, and Moms'* indicated the 
presence of some inhomogeneous mateiial and gave an average value for 
Diou. of 5 66 X 10~^ cm 2 per second With the latter diffusion constant 
and a partial specific volume of 0 731, the value found for Waibuig’s yellou 
enzyme (7), a molecuJai weight of 87,000 may be calculated 

When a conalbumm piepaiation such as that shoum in Fig 4:,B, which 
had been dialyzed at pH 3 0, was studied in the ultiacentrifuge at pH 6 1, 
it sedimented as a single component How evei , it did show the presence 
of small amounts of heaviei inliomogeneous mateiial analogous to the 
faster sedimenting component of the conalbumm piepaiations of Longs- 
woith. Carman, and Macinnes (1) 

Nitrogen analyses of a w^ell dialyzed conalbumm sample dried to constant 
weight tn vacuo at 70° gave a value of 16 3 pei cent ^ No carbohydrate 
could be detected by the Mohsch test m a conalbumm prepaiation from 
which flavin had been removed 


DISCUSSION 

The piesence of iiboflavin in egg wlute has long been knoivn At least 
a part of this flavin appears to be associated wnth conalbumm, the protein 
wdiose separation from the egg w^hite system by alcoholic fiactionation 
methods is reported heie It appeared, however, that m these alcohol- 
containing systems a portion of the flavin associated wnth the conalbumm 
IS lost dm mg fiactionation, and in this respect the product described should 
not be considered to be “native” conalbumm The conalbumm prepara- 
tions of Longswmith, Cannan, and Macinnes (1), which show the presence 
of tw'o electrophoietic components, are not analogous to the native conal- 
bumin w'hich, m egg wFite, appears as a single electrophoretic component 
abo\’’G pH 4 0 Dialysis of our electrophoi etically homogeneous conalbumm 
preparations m the pH range used by the above wmikers in their separation 
of conalbumm effects a change m the piotem which is characterized by the 

* Kcgelcs, G , Costing, L J , and Morns, M S , unpublished data 

‘Wc wish to thank Mr L R Wetter for this determination 
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appearance of a second electrophoretic component (see Fig 4, B) Electro- 
plioretically homogeneous conalbumm shows a single component upon 
sedunentation anatysis Conalbumm dialyzed for 48 hours at pH 3 0 
shows the presence of small amounts of faster sedimenting inhomogeneous 
matenal However, by such treatment we were imable to produce the 
relatively large amounts of faster sedimentmg matenal of approximately 
twice the molecular weight of the mam component, as noted by Longsw orth, 
Cannan, and Macinnes (1) for their conalbumm preparations 
A defimte association of the flavm with the protein seems established by 
the failure of the chromophore to dialyze away from the protein at pH 
alkahne to the isoelectric pomt However, the dissociation tendencies of 
the complex seem to be greater than those of other flavoprotems prenousb 
studied (8) Theorell (6) was able to study the electrophoretic properties 
of Warburg’s yellow enzyme at pH values acid to the isoelectnc pomt In 
our expenence with conalbumm, the flavm dissociates from the protein 
by dial 5 ’’sis imder such conditions and we have been unable to make com- 
parable electrophoretic observations Theorell (6) also found that the 
isoelectnc pomt of the yellow enzyme shifts approximately 0 5 pH umt upon 
removal of the flavm, w'hile conalbumm showed no such shift 

STJMJIAET 

Conalbumm has been separated from the egg white proteins by applica- 
tion of aqueous, ethanol fractionation procedures A product has been 
obtamed which is essentially pure, as judged by its electrophoretic and sed- 
imentation beharnor It has a molecular weight of approximately 87,000 
and exhibits the properties of a flavoprotem The flann separates readily 
from conalbumm m solutions acid to its isoelectnc pomt 

The authors wash to thank Dr J W Williams for his mterest dunng 
the course of this investigation 
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STUDIES ON FREE ERYTHROCYTE PROTOPORPHYRIN, 
PLASI^'IA COPPER, AND PLASMA IRON IN NORMAL 
AND IN PYRIDOXINE-DEFICIENT SWINE* 

Bt GEORGE E CARTWRIGHT and MAXWELL M WINTROBE 

{From the Department of Medicine, University of Utah School of Medicine, 

Salt Lake City) 

(Received for publication, September 19, 1947) 

Previous communications from this laboratory (1-7) have demonstrated 
that swme maintamed on a highly purified diet deficient m p 3 mdoxme 
develop a severe anemia which is characterized by microc 3 '-tosis, shght 
hypochromia, and an mcrease m polychromatophiba, reticulocytes, and 
nucleated red cells m the blood There is a marked hyperferremia, normo- 
blastic bone marrow hyperplasia, myehn degeneration m the penpheral 
nerves, and hemosiderosis m the hver, spleen, and bone marrow Certam 
alterations m tryptophan metabohsm, namely an mcreased excretion of 
xanthmenic acid, kynmenme, and urorosem, occur The admmistration 
of pyridoxme is followed by a sharp leticulocyte response, mobilization 
of non from the tissues, and rapid regeneration of blood with restoration 
of the normal size of erythrocytes The anemia fails to respond to the ad- 
mmistration of either iron or pvnified hver extract Appropriate studies 
have failed to reveal evidence that the anemia is due to mcreased blood 
destruction and it has been concluded that it is due to a disturbance m 
erythiopoiesis The nature of this disturbance has not, hovever, been 
discovered 

The purpose of this report is to piesent data concemmg certam aspects 
of the metabolism of porphyrm, copper, and iron m pyridoxme-deficient 
sivme, which were gathered m an attempt to elucidate the mechanism bj 
which a deficienc}’’ of pyndoxme produces anemia The literature dealmg 
with the relation of pyridoxme to eiythiopoiesis has recently been reviewed 
( 8 ) 

Materiah and Jilcthods 

Full details of the expenmental methods have been given elsewhere (9) 
For this study, w Inch foims part of a larger one, forty-five w eanhng pigs, 
appioximatelj 21 daj's of age, were used Thirty-one animals were placed 
on the control diet and fomdcen animals were fed the same diet as the 

* Aided bj a grant for the studj of the pathogenesis of the anemia of infection 
from the United States Public Health Service, and by grants for the studj of hematol- 
ogy and nutntion from The Upjohn Companj and Parke, Davis and Companj 
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contiols except that pyridoxine was omitted The lesults of obsemtions 
on pigs with othei types of deficiency will be lepoited latei 

All animals fiom the day they weie leceived weie fed the basal diet 
consisting oi Sheffield “new piocess” casein 261 pei cent, sucrose 577 
pel cent, laid 11 0 pei cent, salt mLxtuie (swuie Salt Mixtuie 3 (9)) 5 2 per 
cent In addition they weie given cod livei oil (hlead Jolmson, 1800 units 
of vitamm A, 175 units of vitamm D pei gm ), 0 5 gm pei kilo of body 
veight daily oi Natola (Parke, Davis, 55,000 units of vitamin A, 11,000 
units of vitamm D pei gm ), 0 056 gm pei kilo of body’’ weight per week 
Vitamms weie supplied m ciystaUme foim in capsules and weie adminis- 
tered orally tliiee times a week The quantities of ciystallme vitamins 
were as follows (mg pei kilo of body weight daily) thiamine hydrochloride 
0 25, iiboflavm 012, nicotmic acid 120, pyiidoxine hydrochloride 0 20, 
pantothenic acid 0 50, p-aminobenzoic acid 0 10, mositol 0 10, choline 
chloride 10 0 

Deteimmations of eiythiocy^te piotopoiphyim weie made by the method 
of Gimstem and Watson (10) Plasma copper was determined by the 
method of Cartiviight, Jones, and Wintrobe (11) Foi the determmations 
of plasma non the method of Ivitzes, Elvehjem, and Schuette (12) as veil 
as the method of Balkan and Walkei (13) was used Uiinaiy copro- 
porphyrm deteimmations were made by the method of Cartwiight, Launt- 
sen, Jones, Meiiill, and Wintrobe (14) 

Results 

Detailed hematologic and chemical data for each of the fourteen pjTi- 
doxme-deficient pigs aie piesented m Table I In Table II the results of 
the chemical data aie summaiized The amount of fiee protoporphyim 
m the erythiocytes of the normal animals was 118 ± 43 4 7 pei 100 ml of 
red cells In the pyiidoxme-deficient group this was 1 educed to an avei- 
age of 47 ± 13 6 7 The copioporphyim excietion m the uime m pyri- 
doxine deficiency wms not alteied significantly fiom the normal of about 
104 7 pel 24 hours The amount of coppei m the plasma of the noimal 
pigs w’as 206 db 26 3 7 pei cent In the pywidoxme-deficient gioup the 
plasma coppei wms 1 educed to 160 ± 38 8 7 pei cent The plasma non, 
on the othei hand, was maikedly mcreased, bemg on the aveiage 468 ± 
166 6 7 pel cent as compared with the noinaal of 169 ± 38 8 7 per cent 

In Fig 1 the data foi erythrocyte protopoiphyrm, plasma iron, and 
volume of packed red cells are piesented as deteimmed m a contiol animal 
and m a pyridoxme-deficient pig throughout the couise of a 121 day expeii- 
ment The significant fact to be noted is that the amount of piotopoi- 
ph} nil 111 the eiythiocytes dropped to the low value of 55 7 per 100 ml of 
red tells on the 27th day of the expeiiment and theieafter remamed con- 
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stantly low Tins change took place Jong before the development of 
significant anemia (90 days) and differed from the iise m plasma iron in 
that the lattei increased gradually throughout the experiment Similar 


Table I 


Hematologic and Chemical Data for Fourteen Pyridoxine-Deficient Pigs 


Pig No 

Red 

blood 

cells 

Hb 

Volume 

of 

packed 
rM blood 
cells 

Mean 

corpus 

cular 

volume 

Mean 

corpus 

cular 

Hb 

Mean cor 
puscular 
Hb 

coDcen 

tration 

Erytb 

rocyte 

proto- 

porphyrm 

Plasma 

copper 

i 

, Plasma 
iron 


mtllions 
per 
c mm 

gm 

per cent 

ml per 
100 ml 

cu 

mtcra 

miero- 
1 micro 
grams 


y Per 100 
ml red 
bipod cells 

y 

per cent 

y 

per cent 

Normal 

8 86 

14 7 

47 0 

53 

17 


118 

206 

169 

9 05 

9 70 

11 5 

44 0 

45 

12 


23 

183 

295 

9-06 

6 02 

5 8 

22 0 

37 

10 

26 

48 

137 

578 

9 07 

4 95 

3 7 

15 0 

31 

8 

25 

47 

117 

440 

9 08 

7 00 

8 4 

32 0 

45 

10 

26 

45 

102 

490 

9-20 

2 60 

3 1 

11 5 

44 

12 

27 

41 

127 

392 

9-21 

6 48 

7 6 

27 0 

42 

12 

28 

79 

113 

436 

9 22 

6 50 

5 9 

20 5 

32 

9 

29 

56 

201 

730 

9-23 

9 21 

9 3 

37 0 

40 

10 

25 

27 

177 

376 

9 39 

7 03 

7 3 

26 5 

38 

10 

28 

63 

218 

788 

9-40 

5 85 

8 3 

28 5 

49 

14 

29 

38 

143 

635 

9-41 

5 70 

7 8 

27 0 

47 

14 

29 

65 


921 

9-42 

5 35 

8 6 

28 0 

52 

16 

31 

59 

237 

618 

10 20 

5 70 

8 1 

26 0 

46 

14 

31 

64 


438 

10 21 

7 40 

8 7 

29 5 

40 

12 

29 

50 


466 


Table II 
Summary of Data 


Petemunation 

Group 

■ No of 
animals 

No of 
determ ma 

1 tions 

Mean ± s d 

Erythrocjte protoporphynn, t 

Control 

31 

208 

118 ± 43 4 

per 100 ml red blood cells 

Deficient 

14 

56 

47 ± 13 6 

Unnary coporporphynn, y per 

Control 

4 

10 

104 ± 37 8 

Zlt hrs 

Deficient 

3 

7 

108 ± 36 3 

Plasma copper,-)' per cent 

Control 

23 

79 

206 ± 26 3 


Deficient 

11 

22 

160 ± 38 8 

Plasma iron, 7 per cent 

Control 

30 

230 

169 ± 38 8 


Deficient 

14 

67 

468 ±166 6 


results vere obtained in four other animals, followed throughout the course 
of the deficiencj’- 

In Fig 2 the results of mtravenous therapy m a smgle animal with small 
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FREE EUYTHROCYl’E PROTOPORPHYRIN' 


doses of pyiidoxal and pyiidoxamine arc presented Within 24 hours after 
administration of pjuidoxal the plasma non diopped from 720 to 100 y 
pel cent A maximum reticulocytosis of 18 pei cent was reached on thg 



Days 

Fig 1 Rise m plasma iron, reduction of free er3'throe3'te protoporphyrin, and 
do\olopment of anemia in a pig deficient in pyridoxine in comparison nitli a control 
animal 

3id daj of theiapv On the 5th day of tieatment the eiythiocyte proto- 
porphjiin ioseabuiptIvto250Tpci 100 ml of led cells fiom the pieviously 
low let cl of 55 y Following theiapv the a olumc of packed red cells rose 
rapidlj’, the size of the ei-j throcj tes increased to noimal, the mean coi- 


G E CART^\'RIGHT AND II M TVINTROBE 


561 



Fig 2 Chemical and morphological changes in the blood of a pyndo-ane deficient 
pig folloinng treatment with small doses of p 3 rndoxal and pyTidoiiaimne The ani- 
mal received 0 4 mg per kilo of body weight on the 1st da> of therapj and 0 2 mg per 
kilo of body weight intravenonslj for 4 dajs thereafter 

puscular hemoglobin concentration returned to normal, and there t\as a 
slon gradual rise in plasma copper 15 daj-s after the cessation of therapy 
the erythrocyte protoporphyrm had returned to its previously low level, 
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- jFE^E erythboctte protopobphybin 


even though the plasma iron and copper levels were normal and anemia 
was not piesent ' Over tlie course of the next 80 days a deficiency agnm 
developed and the animal was tieated a second time with small doses of 
pyridoxamme Again theie was a rcticulocytosis with restoiatioii of the 
blood to noimal, a lapid fall m plasma non, and a slight use m erythrocyte 
protopoiphyrin The expeiiment was discontinued on the 209th day, 
when the animal developed a secondaiy mfection 



Fig 3 The rapid fall in plasma iron in a pyrido\ine-deficient pig following the 
intravenous injection of 0 4 mg of pyridoxamme per kilo of body weight 

In Older to deteimine the rapidity of the fall m plasma non, determma- 
tions were made 1, 2, 3, 4, 6, 8, 10, 12, 24, and 48 houis follmvmg therapy 
The lesults are piesented m Fig 3 As can be seen, the plasma non began 
to deciease 2 houis after theiapy and reached the lowest pomt within 24 
houis 

DISCUSSION 

The normal values for free erj’'tln ocy te protoporphyxm, plasma non, 
and plasma copper in the pig diffei significantly from the noimal values 
in human subjects In the pig the normal mean value for free eiythrocyte 
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protoporphyrin was found to be 118 ± 43 4 7 per 100 ml of red cells 
(Table II) In human bemgs the normal erythrocyte protoporph 3 Tm is 
less than 50 7 per 100 ml of red cells (14, 15) The normal plasma copper 
and plasma iron for the pig have been found to be 206 ± 26 3 7 per cent 
and 169 ± 38 8 7 per cent, respectively In human subjects the normal 
plasma copper is about 125 7 per cent (11) and the normal plasma iron 
about 126 7 per cent ( 8 ) 

The reduction m the amount of free protoporphynn m the erythrocytes 
of the pyridoxine-deficient animals suggests that the fundamental disturb- 
ance m erj'^tliropoiesis may be a failure to synthesize protoporphynn 
This IS further suggested by the fact that the reduction m the free pro- 
toporphyrm appears to take place early m the course of the deficiency 
and precedes by a long penod the development of significant anemia 
This h 3 TDothesis also explams the h 3 T)erfeiTemia and hemosiderosis of the 
tissues Smce protoporphyrm is not available, iron cannot unite with 
it to form heme, the plasma iron increases, and iron is stored in the tissues 
awaitmg the time when protoporphyrm becomes available When pyri- 
doxme is supphed, the synthesis of protoporphyrm is accelerated and as 
the reaction protoporphynn -b Fe’*^ — >■ heme proceeds, the iron is mobilized 
from the serum and tissues, and there is an mcrease m hemoglobm with 
alleviation of the anemia It has been demonstrated by Watson, Grm- 
stem, and Hawkmson (15) that the free protoporphynn m erythrocytes is 
protoporphynn type III, No 9, the protoporphyrm from which hemoglobm 
IS synthesized Evidence has recently been presented from our laboratory 
which mdicates that the free protoporphyrm m the erythrocytes is a pre- 
cursor rather than a degradation product of hemoglobm ^ 

At present one can only speculate concemmg the manner m which pyri- 
doxme may be related to protoporphyrm synthesis It is known that 
the body does not depend upon a dietary source of pyrroles or their deriva- 
tives for the production of protoporphynn It has long been postulated 
that the pynole rmgs are synthesized from ammo acids Recently there 
has been direct evidence for this Shemm and Rittenberg (16), usmg 
glycme labeled vuth isotopic nitrogen, demonstrated that glj’’cme is a 
nitrogenous precursor of the protoporphjmn of hemoglobm m both the 
rat and man It is now knomi that pyrido\me and its denvatives are in- 
timately concerned mth protem metabolism, especially decarboxjdation 
and transammation of ammo acids (17—21) Furthermore pyndovine 
IS known to be concerned with the metabolism of ti^^itophan, a pyrrole 
contammg ammo acid ( 8 ) It does not seem unlikely therefore that pjTi- 
doxme may be lelated to protoporphjTm synthesis through its relation to 

* Gnnstein, M , Silva, J , and Wintrobo, M M , to be published 



564 


FREE ERYTHROCYTE PROTOPORPHYRm 


amino acid metabolism If piotopoipliyim synthesis is affected in pjTi- 
do\ine deficiencj^, it is necessaiy to mquiie nhcthci othei poiphyrin- 
containing compounds such as catalase, the cytochiomes, and inclophenol 
oxidase aie also affected A deficiency of pyiidoxinc in the lat has not 
been found to cause a significant change in the catalase activity of the luct, 
ladney, and heait (22) Howevci, the amount of protopoiphjain iieces- 
saiy foi the maintenance of these enzyme systems, in compaiison vathtlic 
amount necessaij'" foi hemoglobin synthesis, is cvtiemcly small and pei- 
haps these compounds nould bo affected last and not to a significant 
degiee, since the i eduction in fiee eiythiocytc piotoporphyiin is never 
complete It should also be pointed out that in the lat uncomplicated 
pjaidoxine deficiency lesults in little oi no anemia 

The slight 1 eduction in plasma coppei in pjoidoMUc deficiency is difficult 
to mteipiet Veij’^ little is knomi about coppei metabolism in vaiiois 
types of anemias McICibbin et al (23) found total blood coppei at a lov 
noimal level in anemic pyridoxine-deficient clogs and observed that the 
level incieased to normal dunng pyiidoxine theiapy 

We have pointed out pieviously that several similaiities exist between 
pyiidoxme deficiency anemia in swine and peinicious anemia in human 
beings, namelj'', hj'peifeiiemia, hcmosidei osis of the tissues, hypeiplasia 
of the bone mai i o w, and neui ological lesions (2) In i espect to the amount 
of free protopoiphjuin in the eiythiocytes the conditions are hkewsc 
similar, smee in pemicious anemia the values tend to be in the low noimal 
range (24) - 

suaaiARi 

1 Deteiminations of eiythiocyte piotopoiphyiin have been made on 
thirty-one normal pigs and fourteen piuidoxine-deficient pigs The mean 
plus 01 minus standard deviation for the noimal gioup was 118 ± 43 4 7 
pel 100 ml of red cells and foi the pjTidoxine-deficient gioup 47 ± 13 6 y 
pel 100 ml of led cells 

2 Plasma non deteiminations have been made on thnty noimal pigs 
and fouitcen pyiidoxine-deficicnt pigs The mean foi the normal group 
nas 160 ± 38 8 7 pei cent and foi the p-\u icloxine-deficicnt gioup 468 ± 
166 6 7 pel cent 

3 Plasma coppei deteiininations ha\ e been made on twcntv-thiec noimal 
]ng& and eleven iiyiidoxiiie-dehcient pigs The mean foi the noimal gioup 
was 206 ± 26 3 7 per cent and foi the pyiidoxine-deficient gioup 160 ± 
38 8 7 pel cent 

4 Uiinaiy copi opoi ph vi in cxciction was mcasuied in foiii noimal pig"^ 
and thiec pMidoxmc-deficicnt pigs The mean foi the normal gioup vas 
104 7 pci 21 liours and for the piTidoxino-dcficient gioup 108 7 pei 24 hours 

- Cartwright, G E , Hugulcy, C M , and Wintrobe, M M , to be published 
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5 II 1=5 suggested that the fundamental distuibance m pjmdoxme de- 
ficiency anemia in snine is a failuie to stmthesize protopoiphjTin 

6 Ceitain similaiities between pyridoxine deficiencj' m swine and pei- 
nicious anemia in human beings aie desenbed 

We aie indebted to Di D F Robertson of Merck and Compan 5 '-, Inc , 
for supplying the pjiidoxal and p3Tido\amme, as well as the ciystallme 
B Mtamins, to Di Warren M Cox, Ji , of ]\Iead Johnson and Companj' 
foi the cod liver oil, and to Di E A Shaip of Paike, Davis and Company 
for Natola 
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THE EFFECT OF INSULIN UPON PYRUVATE UTILIZATION 
BY PIGEON MUSCLE 

By william G STADIE, NIELS HAUGAARD,* and 
MARTIN PERLMUTTERf 
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The recent demonstration by Con (1) that the hexokmase leaction is 
controlled by the interaction of msulm, antenor pituitary, and adrenal 
cortical hormones natuially raises the question as to whether the chemical 
action of msulm can be totally explamed on the basis of this one effect 
The evidence mdicatmg that msulm is concerned more directly mth oxida- 
tive reactions m the carbohydrate cj^cle is somevhat equivocal Honever, 
there are experiments m the literature shoving that msulm is concerned m 
oxidative leactions, particularly of pyruvate, vhich cannot be ignored 
For example, Krebs and Eggleston (2) showed that the oxygen uptake of 
pigeon breast muscle mmce was prolonged and therefore mcreased by m- 
sulm This observation vas amply confirmed b}’’ others (3-5) The 
observation of Stadie and Zapp (6) that pigeon breast muscle mince as 
customarily prepared contams no glucose and little or no glycogen and is 
dependent almost exclusively upon hexose phosphate for its metabolism 
would appear to exclude any possible role of hexokmase m experiments zn 
vitro In other words, this observation of Krebs and Eggleston shov's that 
msuhn may act on some enzyme system other than hexokmase The ma- 
bihty to demonstrate an msulm action vnth muscle mmces from other 
species (3-5) has made it difficult to assess the significance of this finding in 
relation to the geneial problem of msulm action 
Futher evidence must also be considered Banga, Ochoa, and Peters 
(7) reported that msuhn increases the utilization of pyruvate by mmces of 
pigeon biain Delrue and De Keyser (8) found that labbits mjected mth 
pjTu-vate shoved significantly lover blood pyruvate levels if simultaneous^'’ 
treated vnth msuhn Hovever, the experiments of Bueding, Fazekas, 
Herrhch, and Himwich (9), showmg that pjTu\ ate blood lei els in diabetic 
animals follovang the mjection of glucose weie lov but could be signifi- 
cantly elevated by antecedent mjection of msulm, hai e tended to support 
the concept that pyruvate formation rather than utilization vas impaired 
in the diabetic state But the endence at hand does not v arrant the con- 

* Fellow of the American Chemical Society 
t Fellow of the Dazian Foundation for Medical Research 
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EFFECT OF INSULIN ON MUSCLE PITRUVATE 


elusion that the two actions of insulin, viz piomotion of utilization as ^^elI 
as of foimation, aie mutually exclusive 
Moie direct evidence that insulin is concerned with pyiuvate utilization 
vas lepoited by Rice and Evans (10) They cquihbrated pigeon breast 
muscle mmces ivith and without insulin m a piehminary period of 80 min- 
utes and then added pyiuvate They demonstiated a significant effect of 
insulin upon the p 3 auvate utilization duiing the final peiiod of 25 mmutes, 
and concluded that then expeiiments demonstiated “a diiect in miro asso 
ciation between the action of insulin and the oxidation of a carbohydrate 
substiate, namely, pyiuvic acid ” The impoitance of this obsenationin 
1 elation to the general problem of insulin action led us to peifoim a senes of 
experiments similai to those of Rice and Evans, the lesults of which are 
reported here 


Methods 

The pigeons were fed ad hbitwn and killed by decapitation The breast 
feathers weie lemoved and the bud placed in ice ii ater for 5 minutes The 
breast muscle iias excised and a Latapie mince piepaied in the cold loom 
Suitable amounts of mince, usually about 250 mg , were veighed on a 
torsion balance and placed in Waibuig vessels contammg the medium 
previously cooled to 0° The medium consisted of 3 paits of a phosphate- 
saline solution and 1 pait of boiled pigeon bieast muscle extract The 
pliosphate-sahne solution had the folloinng composition 0 040 m sodium 
phosphate, 0 005 m KCl, 0 002 M MgCb, and NaCl to give an osmolarity of 
0 300 M The pH of the medium varied in the different experiments 
The gas phase was 100 pei cent oxygen CO 2 was absorbed by an alkali 
filtei paper inset m the center well After temperature equilibiation m the 
water bath, oxygen uptake was determmed m the conventional vay The 
experiments weie terminated by the addition of trichloroacetic acid to give 
a final concenti ation of 7 per cent Pyruvate was determined on the fil- 
tiate by the method of Fiiedemann and Haugen (11) 

Several kinds of insulin were used an amorphous pi epai ation and a 
cij'^stalline zinc insulin, furnished by Eh Lilly and Company In addition, 
insulin was prepared from “iletin” by isoelectric piecipitation to lemove 
phenol and glycerol present m this preparation In some cases three 
precipitations rieie earned out 

EXPERIMENTAL 

Latapic hhnees — A laigc number of experiments, essentially similar to 
those of Rice and Evans (10), were performed They are presented m 
Tables I and II The vessels containing the mince weie equilibrated foi 
a prehmmar}’- period of 30 to 80 mmutes rvith and without insulm ICnown 
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amounts of pyruvate (usually 30 micromoles) were then added from 
rotating side sacs and the oxj^gen uptake determmed for the final penod 
of 35 to 60 mmutes Each e\perunent ii as termmated by the addition of 
tnchloroacetic acid and the final pyruvate determined Pyruvate utili- 

Tabia: I 

Effect of Insulin on Oxygen Uplale and Pyruvate Utilization of Pigeon Breast Muscle 

Mince (First Series) 


Medium, phosphate-saline, pH 6 6, insulin, 1 unit per ml , t = 38° Each figure 
represents a mean of three or six determinations The results are expressed in 
micromoles per 0 2 gm per 45 minutes 


Erperunent No 

Tunc of cquilibra 1 
tion 1 

Oxygen uptake 

Pyruvate utilization 

Initial 

Final 

Control 

Increase ^vjth 
insulin 

Control 

Increase 

insulin 

1 

mtn 

80 

min 

60 

4 0 

7 0 ± 0 2 

5 2 

3 1*22 

2 

80 

60 

12 1 

3 7 ± 1 2 

5 4 

2 6*04 

3 

80 

50 

(5 0) 

(2 7 ± 0 4) 

(1 2) 

(0 7 * 0 3) 

4 

80 

50 

(4 1) 

(3 4 db 0 9) 

(2 5) 

(0 7 * 0 3) 

5 

30 

35 

22 0 

-23*10 

19 2 

6 7*22 

6 

60 

45 

20 8 

-10*17 

12 0 

2 5*09 

7 

60 

45 

13 2 

4 9*45 

8 0 

5 0*10 

8 

60 

45 

15 9 

3 4*39 

6 8 

3 2*12 

9 (pH 7 2) 

80 

45 

31 5 

7 0*31 

18 7 

4 1*15 

10 ( “ 7 2) 

80 

45 

15 3 

2 4*27 

7 2 

5 9*14 

11 ( “ 7 2) 

SO 

45 

17 8 

2 3*15 

10 5 

2 6*29 

12 ( » 7 8) 

60 

45 

22 9 

-20*34 

15 3 

-06*26 

13 ( 7 8) 

60 

45 

20 1 

3 5*19 

9 8 

4 2*11 

Mean 

Increase, % 
t 



17 8 

-h2 6 * 0 98 
-1-15 * 5 5 

2 7 

10 7 

-b3 6 * 0 55 
-f33 * 5 1 

6 5 


The results of Experiments 3 and 4 are excluded from the means on the basis of too 
little pyruvate utilization 

In this and subsequent tables the deviation measure is the standard error of the 
mean (s e u ) For the indmdual experim ents it is calculated by the equation 
SEM = V B E AI * .Mui.o -f s E M * .MTiiiB Eor the entire senes s e Ji = 
V-Sdy(n(n - 1)) 

zation vas calculated as the diffeience of the initial and final pyruvate 
In each experiment three to six separate samples with and vnthout insulm 
veie set up Only the means of the results of each ex-penment are re- 
ported 

In Table I are giv en the data from the first senes of experiments Al- 
though there is a considerable vanation m the results, there is a statistically 
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Significant efi'ect of insulm both on the oxygen uptake and on the utiliza 
tion of pyruvate A second senes of experiments was carried out some 6 
months later and is lepoited m Table II The msulm effects are smaller 
but still statistically significant 

Expenvients with Shoes — Slices of pigeon bieast muscle, 0 5 mm thick, 
vere used m the same type of experiments as with the mmces After a 
prehminaiy period of 60 minutes, 30 micromoles of pyruvate vere added 

Table II 

Effect of Insulin on Oxygen Uptake and Pyruvate Utilization of Pigeon Breast Mmck 

Mince (Second Scries) 

Medium, phosphate-saline, pH 6 5, insulin, 1 unit per ml , t = 38°, 60 minutes 
initial period, 45 minutes final period with pyruvate Each figure represents tie 
mean of three or six determinations The results are expressed in micromoles pet 
0 2 gm per 45 minutes 


Experiment No 

Oxygen uptake 

Pyruvate utilization 

Control 

Increase with insulin 

Control 

j 

V 2 1 1 

1 

22 5 

1 8 ± 0 9 

7 6 

1 0 ± 0 3 

2 

24 6 

2 8 ± 1 1 

9 3 

1 2 ± 0 6 

3 

23 0 

* 3 6 ± 1 3 

10 5 

1 9 ± 0 7 

4 

21 7 

0 ±26 

11 6 1 

-0 6 ± 1 0 

5 

22 0 

2 3 ± 1 4 

8 6 

1 0 ± 1 1 

6 

20 8 

-1 0 ± 0 7 

10 8 

1 0 ± 0 2 

7 

13 4 

1 9 ± 0 6 

5 9 

1 8 ± 0 2 

8 

17 2 

0 7 ± 0 3 

12 4 

-0 7 ± 1 4 

9 

18 4 

-0 4 ± 0 3 

9 7 

0 1 ± 0 3 

10 

13 3 1 

2 6 ± 1 1 

6 7 

1 0 ± 0 8 

11 

15 8 

1 3 ± 1 9 

10 8 

0 3 ± 2 1 

12 

13 6 

0 2 ± 2 4 

5 6 

-0 3 ± 2 1 

13 

15 6 

1 8 ± 1 1 

8 0 

1 6 ± 0 9 

14 

13 4 

2 2 ± 1 2 

6 2 

1 2 ± 0 6 

Mean 

18 3 

-{-1 4 ± 0 36 

8 8 


Increase, % 


+8 ±20 


±9 ±26 

i 


4 0 


3 7 





— 


and the o\j'’gen uptake and pyruvate utilization weie determined ovei a 
peiiod of 60 minutes The lesults aie given in Table III Theie weie m 
all cases a gieatei oxygen uptake and pyruvate utilization in the presence 
of insulm The effect is smallei than that observed ivith mmces, but m 
the mean the effect of msulm is significant = 3 6) 

Miscellaneous Experiments — ^With pigeon muscle mmee, the effect of 
several factois has been studied (1) the pH of the medium, (2) the necessity 
of the presence of msulm m the preliminary period, and (3) the time of 
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addition of p 3 Tuvate Because of our inability to leproduce the effect 
of insulin in all experiments it is difficult to draw conclusions from the 
experiments designed to study the factors enumerated above 

pH — Essen tiall}’’ similar results were obtamed over the range of pH 6 5 
to 7 8 

Types of Insulin — Sunilar effects of msulm have been obtamed with three 
types of msulm, viz Lill 3 '’’s amoiphous msulm, Lilly’s crystalline zmc m- 
sulm, and msulm piepaied from “iletm” as described under “Methods ” 
Conceniralion of Insulin — In most of the experiments the concentration 
of msulm was 1 unit per ml (1 mg = 22 units) How'ever, no difference 
m effect w as obtamed by varymg the msulm from 1 to 6 umts per ml 


Table III 

Effect of Insulin on Pyruvate Utilization of Pigeon Breast Muscle Slices 


Medium, phosphate-saline, pH 6 5, insulin, 1 unit per ml Each figure represents 
the mean of the results from three samples of tissue The results are expressed in 
micromoles per 0 4 gm per 45 minutes 


Bird No 

Oxygen uptake 

Pyruvate utilization 

Control 1 

Increase with msulm 

Control 

Increase with msulm 

1 



n 

0 3 ± 1 3 

2 




1 3 ± 0 4 

3 

27 4 

4 1 ± 1 0 

KM 

2 1 ± 0 4 

4 

23 7 

1 8 ± 1 9 

14 1 

2 4 ± 1 8 

5 

29 0 

0 4 ± 2 7 

15 2 

0 9 ± 2 0 

Mean 

25 5 

2 0 ± 0 63 

13 5 

1 4 ± 0 38 

Insulin, % 


7 ±29 


10 ±28 

i 


2 4 

i 

3 6 


Necessity of Fore Period — In about ten experiments, pyruvate was added 
durmg the preparation at 0° or after the brief (10 mmute) period required 
for temperature equilibration at 38° In other wmrds, the fore period was 
elimmated Insuhn effects were obtamed which m some mstances were 
as great as those observed wath the prolonged fore penod 
Omission oj Insulin in Fore Period — Positive effects of msulm on pyru- 
vate utilization w ere obtamed when the msulm together with the pyruvate 
was added at the end of the fore period As noted previouslj, however, 
the results of the expeiiments in these last two cases were too xanable to 
permit a conclusion as to whether a fore period wath msulm present m- 
creases significantlj’’ the effect of msuhn 
Experiments mth Muscle Homogenates — ^The effect of more complete 
dismtegration of the tissue was studied bj'^ the use of coarse homogenates 
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of muscle Such piepaiations uould be inteimcdute betiicen minces 
and c\ti acts About 5 gm of Latapie mince i\ ei c gi oimd lightly in a mortar 
with 20 ml of phosphate-sahne (pH 6 5 to 7 2) plus 10 ml of boiled muscle 
juice Aftei 15 minutes at 0° the suspension i\as filteied tluough gauze 
and the hltiate used The oxj^gen uptake and pj'^ruvate utilization of 60 
samples fiom ton pigeons wcie detei mined as m the experiments lutli 
minces Them uas a good utilization of pjTuvate in all cases (mean 

Table IV 

Effect of Insnhn on Oxygen Uptake and Pyruvate Utilization of Pigeon Breast Mmdt 
Mince in Picsence of Malonatc and Finnaratc or Malatc 
Medium, phosphate-salme, pH 6 5, insulin, 1 unit per ml , t = 38°, CO niiiialcs 
initial period, 45 minutes final period Addition in final period, malonatc 60 micro 
moles (0 015 m), pyruvate, funiarate, and malate as indicated in the table Ejcli 
figure IS the mean of three or six determinations 


Experiment 

No 

Addition 

Pyru 

vate 

added 

Oxjgen uptake, 
micromoles per 0 2 gm 
per 45 min 

Pynixate utilization, 
micromoles per 0 2 pn 
per 45 mm 

Con 

trol 

Increase with 
insulin 

Con 

trol 

Increase with 
insulin 



micro* 

mm 







moles 

motes 



1 


1 

Fumaratc 

16 

16 

9 7 

5 0 ± 1 5 

6 2 

2 4 ± 0 6 

2 

H 

16 

15 

16 7 

-1 2 ± 1 1 

9 0 

-0 3 ± 06 

3 

H 

16 

15 

11 0 

-0 4 ± 0 8 

6 6 

0 4 ± 02 

4 

a 

60 

30 



8 2 

2 0 ± 08 

5 

ti 

60 

30 

16 0 

0 2 ± 0 6 

6 2 

0 7 ± 0 8 

6 

Malatc 

60 

30 

18 0 

1 4 ± 1 1 

14 0 

0 3 ± 0 7 

7 

H 1 

60 

30 

4 2 

5 7 ± 0 9 

8 9 

1 3 ± 0 6 

S 

i t 

60 

30 

16 0 

1 1 db 1 6 

11 0 

1 3 ± 0 6 

9 

({ 

1 

1 

60 

30 

12 8 

0 2 ± 0 9 

6 0 

-0 3 ± 0 8 

Mean 




1 

13 1 

-f-1 5 ± 0 89 

8 5 


Increase, % 




i 

-f 11 ±68 



t 




1 

1 

1 6 












114 micromoles of pynivate pei sample pei 45 minutes) but them uas no 
significant effect of insulin (mean mciease with insulin, +0 5 ± 0 2 micro- 
moles) In ti\o experiments, minces and homogenates liom the same 
muscle weie compamd Significant insulin effects on pyiuvate ufihzation 
Mem obtained Mith the minces, but none mth the homogenates 
Expennmih loith Malonatc — ^Pjuuvate is presumably oxidized niainb’’ 
through the tiicaiboxylic acid cj'-cle, initiateci by condensation inth oxal- 
acetate The cjmle is inhibited at the succinate stage by malonate, pre- 
venting further oxidation of pyiuvate HoMevei, if fumaiate, malatc, 
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or oxalacetate is added, pjTuvate OMdation can again occur All tluee of 
these substances have been used m evpenments in u Inch the effect of in- 
sulin on pjTuvate oxidation has been studied The expeiiments ivith 
fumaiate and malate are given m Table IV 

The experiments veie similar to those without malonate Mmce i\as 
equilibrated in phosphate-saline for 1 hour, 60 micromoles of malonate 
(0 015 m), 30 micromoles of pymvate, and 60 miciomoles of malate (or 
fumarate) veie then added The oxygen uptake and the pjTUvate utihza- 

Table V 

Effect of Ivsuhn on the Pyruvate Utilization of Pigeon Breast Muscle Mince in 
Presence of Malonate and Oxalacetate 

Medium, phosphate-saline, pH 7 2, insulin, 1 unit per ml , t = 38°, 60 minutes 
preliminary period, 45 minutes final period Addition in final period, sodium 
malonate 60 micromoles (0 015 m), sodium pyruvate 30 micromoles (0 0075 m), and 
sodium oxalacetate as given in the table 250 ± 5 mg of tissue in each vessel 


ExpcTimcnt 

No 

Insulin 

Oxalacetate 

added 

A oxalacetate 

A pyruvate 


Mean 


Mean 



mtcromoUs 

mteremoUs 

mtcromoles 


nticromoles 

1 

0 

22 3 

-21 5 


-7 1 





-22 0 

-21 8 

-5 3 

-6 2 


+ 

22 3 

-21 9 


-5 4 





-22 0 

-22 0 

-fl 9 

-1 8 

2 

0 

22 3 

-21 2 


-4 8 





-21 9 

-21 6 

-4 0 

-4 4 


+ 

22 3 

-19 5 


-8 7 





-21 9 

-20 7 

-2 2 

-5 5 

3 

0 

25 5 

-25 5 


-0 5 





-25 5 


-1-6 7 





-25 5 

-25 5 

0 0 

+2 1 


+ 

25 5 

-25 5 


+2 5 





-25 5 


+3 5 





-25 5 

-25 5 

-f3 5 

4-3 2 


tion weie measmed for the subsequent 30 oi 45 minutes If malonate uas 
present m the prehminarj^ period, there vas little or no utilization of 
pyruvate m the subsequent penod There is considerable vaiiation m the 
magnitude of the insulm effect In about half of the experiments there 
^^as no significant effect of insulin, but the effects in the remaming arc suffi- 
cient to make the mean i alue of ill the experiments significantlj different 
from zero The m igmtudc of the effect is the same as that of our second 
series of experiments intliout malonate Experiments iiere also done iii 
iihich pjruvate plus oxalacetate iias added in the presence of malonate 
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After equilibration of the tissue vuth or without insulin in a fore period of 
60 minutes, oxalacetate, pjTuvate, and malonate weie tipped into the 
vessels and the leaction allowed to pioceed foi 45 minutes more The 
changes of the added substrates ueie determined as follows (1) A oxal- 
acetate was calculated fiom the mitial and final oxalacetate, the latter 
being detei mined on tiichloroacetic acid liltiates by the aniline citrate 
method (12) (2) The final total p 3 nuvate -}- oxalacetate was deteimined 

by the 2,4-dinitiophenylhydiazine method of Fiiedemann and Haugen 
(11) The pyiuvate could then be calculated The lesults, presented m 
Table V, show (1) a rapid disappearance of oxalacetate, (2) a net decrease 
of pyiuvate in two out of thiee expeiiments, (3) no demonstrable effect of 
insulin upon p 3 auvate utilization In this lespect the expeiiment differs 
fiom those mth malate oi fumaiate, m nhich significant effects of insulin 
were observed in moie than half of the expeiiments 

Formation of Acetate ft om Pyi uvate 

It has been demonstiated (13) that the reaction pyruvate = acetate + 
CO 2 , occuis in muscle tissue It is therefore conceivable that in the 
absence of added msulm pyiuvate utilization in part stops at the acetate 
stage, but with insulin the utilization was moie complete The hypothesis 
was tested by determmmg acetate formation from pyiuvate in the piesence 
of pigeon muscle mince At the end of the 1 espn atoi y period a pi otein-free 
filtrate was prepared by the Somogji method The filtrate was acidified 
and 2,4-dmitrophenylhydrazine added The precipitate containing the 
pyiuvate ivas filteied off and the filtiate, after acidification to pH 3, was 
steam-distilled in a specially constiucted distillmg flask The distillate 
was ti tinted agamst alkali ivith a micro burette Conti ol determmations 
show'ed that 1 miciomole of acetic acid in the piesence of amounts of 
pyruvate compaiable to those used m the expeiiments could be recovered 
ivith an accuiacy of about ±5 pei cent 

Veiy little acetate was found m any of the experiments The p 3 'i uvate 
utilization varied fiom 8 to 13 miciomoles per 0 2 gm of muscle, and the 
acetate formation fiom 0 to 1 miciomole pei 0 2 gm Insulin in no way 
influenced the results, so that the hypothesis undei discussion is unsup- 
ported 

Experiments luiih Rat Muscle Minces — To test whethei the effect of in- 
sulin found 111 pigeon bieast muscle mince is also demonstrable in mam- 
malian tissue, scissors minces of lat pectoial muscle weie prepared and 
expeiiments identical to those wuth pigeon bieast muscle weie carried out 
Both normal rats and rats made diabetic b 3 ’- the injection of alloxan ivere 
used In 72 samples from eight normal and four diabetic lats the mean 
P3U’uvate utilization w'as 3 2 db 0 3 micromoles pei 0 2 gm per 45 minutes 



STADIE, HATJGAARD, AND PERLMTJTTER 


575 


This rate is much lower than that observed vith pigeon breast muscle 
(approximately 15 to 20 micromoles per 0 2 gm per 45 mmutes) However, 
no significant effects of msuhn vere observed 

Two experiments mth human muscle vere carried out The pyruvate 
utihzation by this tissue v as so small that no conclusions could be drawn 

DISCUSSION 

The objective evaluation of the data reported m this paper is beset ivith 
some diflaculties In view of the large number of experiments done (none 
bemg omitted), particularly those given m Tables I and II, the authors are 
mchned to give considerable weight to the statistical analysis and to the 
conclusions permissible therefrom Since the experiments reported mclude 
all those performed, the fact that the mean mcrease of pyruvate utihzation 
observed is statistically highly significant (the probability of difference 
ansmg by chance is less than 0 001) weighs heavily m regardmg the effect 
of msuhn upon pyruvate utilization as bemg real On the other hand, our 
mability to control the system so as to give positive effects m all mstances 
compels us to reserve a final opmion until other supportive evidence is 
available For despite our best efforts, no or slightly negative effects of 
msulm were obtamed m approximately one-third of the expenments 

The expenments m which malonate was present together with malate or 
fumarate, despite failures m half the cases, constitute, m our mmds, addi- 
tional evidence for the reabty of the msuhn effect on pyruvate utilization 
(t = 3 1, P = 0 02) Although there is msufiBcient evidence to formulate 
an opmion as to their full sigmficance, the expenments would mdicate 
that msulm is concerned m acceleratmg the condensation of pyruvate with 
the 4-carbon dicarboxyhc acids, the mitiatmg step m the Krebs cycle 
Our failure to demonstrate an msulm effect when oxalacetate and p 3 TTivate 
are eqmhbrated wrth muscle mmce m the presence of malonate is contrary 
to the expenence of Rice and Evans and not m accordance with the anti- 
cipations from our results mth fumarate or malate How ever, the unusual 
rapidity of the reaction as mdicated by the rapid disappearance of oxal- 
acetate might conceivably be unfaxmrable for the demonstration of an 
acceleratmg action of msulm 

The findmg of a positive effect of msulm on p 3 TTivate utihzation wnth 
slices of pigeon breast muscle (t = 3 6, P = 0 02) is of importance Hov - 
ever, our complete failure m a large number of expenments to demonstrate 
anj’- effect of msulm w'hatever upon coarse homogenates of muscle adds 
considerable confusion to the problem In all cases, these homogenates 
utilized pjTuvate vigorouslj'' and it is difficult, at this moment, to formulate 
any hypothesis to ex-plam the difference of behanor of the homogenates 
from the mmces This is particular^'’ puzzlmg when it is remembered that 
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in experiments i\itli the same bud positive cftccts veie found vith mmcc' 
and none vnth the homogenates 

The pievailmg opinion that, expcinneiits u'lth pigeon muscle mnice have 
little significance so lai as the geneial problem of the chemical action ol 
insulin IS conceined has not been dissipated b'v oui piescnt expeiimcnts, 
foi we failed complete^ to demonstiate anj’’ insulin effect upon pvnuato 
utilization by lat muscle minces In two expeiimcnts mth human mii'icle, 
failures neie also lecoided Howevei, mth these piepaiations pyrin ate 
utilization as well as oxj^gen uptake uas small and the piepaiations lapidh 
lost their activity in vitro It is theiefoie a mattei of conjectuic as to hoii 
foimidable this failuie is m its beaimg on the pioblem 

Oui geneial conclusion is that oui expeiiments have, in the mam, con 
filmed those of Rice and Evans, but we aie not pieparcd as vet on the b.M' 
of our oini oi then published expeiiments to conclude categoi ically tint 
insulin IS conceined m some leaction which dnectly acceleiates the utili 
zation of pjnuvate by muscle 


SUMJLiRV 

1 Minces of pigeon bieast muscle were subject to a foie period inth and 
without insulin Pyruvate was then added and its utilization deteiniiiiod 
dining a final peiiod Significant mcieascs of pjnuvate utilization iiere 
obseived m the msuhn-tieated piepaiations 

2 In similai expeiiments ivith muscle slices significant msulm effects on 
pyiuvate utih zation weie also obseived 

3 In contiast, coarse homogenates of muscle wluch vigorously oxidized 
piauvate failed to be influenced by msulm 

4 Muscle minces subjected to an initial poiiod ivith and mthout msulm 
and then equihbiated wnth added malonate, pyiuvate, and malate oi fu- 
maiate showed positive msulm effects on pyiuvate utilizations m half of 
the cases With oxalacetate in place of the malate oi fumaiate, no such 
effects iveie observed 

5 Rat muscle minces m smiilai expeiiments failed to show any msulm 
effects In these cases the pyiuvate utilization was veiy low 

6 Miscellaneous expeiiments on the effect of pH, msulm concentiation, 
length of foie peiiod, etc , weie also peifoimed 
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d-Isocitnc acid^ has, m recent years, attracted much interest as one of the 
organic acids concerned in reactions catalyzed by the enzymes of various 
animal and plant tissues A demand has accordmgly arisen for specimens 
of this rare substance for use m mvestigations of the enzyme systems 
involved The fortunate observation that d-isocitric acid is present m the 
leaves of succulent plants of the family Crassulaceae in rather large pro- 
portions (5-7) suggested that a procedure could be developed whereby 
smtable preparations might be readily obtamed Such a procediue is 
described in the present communication 
Preparation of Material — ^Two species, Bryopliyllum fedtschenkoi and 5 
calytnnum, were used exclusively for the present work but other closely 
allied species would probably serve as well B calycinum- is commonly 
available m the greenhouses of university departments of botany, smce the 
leaves are often used for demonstrations of the unusual manner of propa- 
gation of this plant, B fedtschenkoi is less frequently found but has some 
advantage for the present purpose over B calycinum, inasmuch as propa- 

* Died November 20, 1947 

1 The nomenclature of natural optically active isocitric acid is somenhat confus 
ing Inasmuch as the free acid and its sodium salt are both dextrorotatory in water 
solution, the isomer present in plants must be designated d isocitric acid or d-isocit- 
rate The lactone and its dimethyl ester are leioroialory in methj 1 alcohol solution 
and must therefore be designated I isocitric lactone and I dimethyl isocitrate lactone 
Hon ever, the rotation of the free acid is usually determined in the presence of am- 
monium molybdate and the complex formed is very strongly Iciorolatory, accordingly 
there is a tendency to refer to this in naming the acid Krebs and Eggleston (1), 
for example, designate it as (— )-isocitric acid Discussions of the facts are to be 
found in several papers (2-6) It is probable that the configuration of the a carbon 
atom of natural isocitric acid is the same as that of natural I malic acid, nhich is the 
same as that of the Lj familj to nhich the protein ammo acids belong, but this has 
not yet been rigidlj established Pending the adoption for a hj droxj acids of a 
more rational nomenclature founded upon configuration, there is no alternate e to 
the careful use of the prefixes in their original meamng, i c to designate the actual 
direction of the rotation under defined conditions 

’ Also knon n as Bryophyllum pinnatvm and bj the common name “hfe-plant ” 
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gation 3 s a little easier and isocitiic acid is obtained from it in higher yield 
and IS somewhat moie easily purified 

To propagate the plants, well groim leaves with deep marginal indonta 
tions aie picked and placed flat upon moist sand, being protected from light 
until roots have become established at the indentations (8 to 10 days) The 
leaves are then uncoveied and the sand is kept moist with a suitable culture 
solution® until the plants aie sevcial centimeters high Application of the 
culture solution is necessaiy three oi foiu times a week The small plants 
are then separately transplanted mto soil oi sand in individual ciocks If 
sand IS used, the same cultuie solution is applied regularly as needed In 
the greenhouse, the plants will have gronm sufficiently foi use m 3 to 4 
months, durmg the summer season they may be giown out of doors For 
each preparation of appioxrmately 10 gm. of isocitric acid, five to seiea 
plants are required, the fresh leaves will weigh 3 to 4 kilos and will gne 200 
to 300 gm of dry tissue 

Because of the wide diuinal variation m malic and citric acid content of 
the leaves of Bryophyllum plants (isocitiic acid shares to only a moderate 
extent m the diurnal changes (9, 10)), it is necessary to harvest the leaves 
at a low pomt in the cycle so that the relative proportion of isocitric to the 
other acids shall be as high as possible This situation occurs m the after- 
noon of sunny days. Accordmgly, the leaves are stripped from the plants 
at from 3 to 5 p m on a bright sunny day and at once placed on trays m a 
dr 5 ang oven at 80-90°, when crisp, the tissue is broken up and powdered m 
a Wiley mill This powdei may be stored mdefinitely 

Exlraclion of Oigamc Acids — Oiganic acids may account foi from 15 to 
25 per cent oi even moie of the dry weight of Bi yophyllum leaves, depending 
upon the species and the tune of day the leaves are collected In samples 
picked in the aftemoon, the total organic acids are low but isocitric acid 
may make up as much as 70 pei cent of the lesidual acidity The otliei 
acids present are chiefly malic and cituc, together with min or proportions 
of other substances. The follomng description refeis to the preparation 

’ 0 5 M solutions of four salts are prcpaicd and the culture solution is made bj' 
iniNing 20 ml of potassium dihydrogen phospliate, 100 ml of calcium nitrate, 40 ml 
of magnesium sulfate, and 100 ml of potassium nitrate To this are added 20 ml of a 
solution of ferric tartrate (2 6 gm per liter) and 20 ml of a solution that contains 
2 85 gm of bont acid and 2 03 gm of magnesium sulfate tetrahydratc per liter The 
mixture is then diluted to 10 liters with tap w atei , and adjusted to pH 5 9 to C 2 by 
the addition of 2 to 5 ml of 1 0 n sulfuric acid as requiied (8) 

■* An alternative and somewhat superior method of propagation consists in placing 
the leaves on wire mesh trajs in a daik cabinet where they are sprayed continuoiish 
with a hue mist of water Rootlets begin to form in a few days and, when well dc 
\ eloped, portions cut from the leaves are transferred to sand in flats and watered with 
culture solution A higher yield of ymung plants is obtained in this way 
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of jsocitnc acid in approximately 10 gm units, a convenient quantity to 
deal iMth in laboratory scale apparatus The figures given for weights of 
products are approximately those that ivill be obtained if Bryophyllum 
calycinum is used, this being the most common^ available species 
For the extraction, 200 gm of dry leaf tissue are stirred to a uniform pulp 
with 300 ml of 80 to 85 per cent alcohol, to which is added sufficient 18 n 
sulfuric acid to brmg the mixture to pH 1 8 to 2 0 as measured m aqueous 
suspension Usually, 30 to 50 ml are required, the exact amount bemg 
ascertamed by mixing 0 5 gm of the dry powder with successive 0 5 ml 
mcrements of 1 0 N sulfuric acid, dilutmg the mixture to 10 ml , and meas- 
urmg the pH vuth a glass electrode The suspension is diluted with 700 
ml of 80 per cent alcohol, 10 gm of nont are added, and the mixture is 
heated on the steam bath for 15 mmutes ivith frequent stirrmg The 
tissue IS filtered off, washed mth dilute alcohol, and extracted twice more 
with 600 ml of hot alcohol under the same conditions The combmed 
extracts are then cooled and filtered through paper pulp, agam heated nearly 
to the boilmg point and treated with aqueous barium hydroxide solution 
saturated at 70-80°, and added slowly with stirrmg, until defimtely alkalme 
to phenolphthalem paper, about 1 liter will be required After bemg 
allowed to digest on the steam bath for half an hour, the precipitate of 
barium salts of the organic acids is filtered hot on two 18 cm Buchner 
funnels fitted with No 4 Whatman filter paper covered with a thm layer 
of Cehte The precipitate is washed repeatedly with liberal amoimts of 
hot 40 per cent alcohol 

Alternatively, basic lead acetate m 40 per cent aqueous solution may be 
used for the precipitation of the organic acids, the reagent bemg added 
until a filtered test sample gives no further precipitation The lead salts 
are decomposed with sulfuric acid as described for the banum salts How- 
ever, it IS necessary to filter off and wash the lead sulfate and concentrate 
the solution before removmg the excess of sulfuric acid quantitatively mth 
barium hydroxide 

The precipitate is made into a thick slurry in vi ater in an enamel ware 
pail with the aid of a wire beater and tiansferrcd to a large beaker through 
a -ftaie mesh screen, all lumps being bioken up ivith a brush The sus- 
pension, at a volume of from 3 to 4 liters, is heated on the steam bath and 
treated inth 18 n sulfuric acid with continuous stirrmg until a small excess 
IS piesent (30 to 50 ml mil be needed) After making certam that the 
reaction is complete, dilute barium hj'droxide solution is added mth stirrmg 
until tests on filtered or centrifuged 5 ml samples are negatne for both 
sulfuric acid and barium ion , 25 gm of nont are added, and the solution is 
again heated foi about 15 minutes with stiiTing and is allowed to settle 
o\ernight The clear solution is then siphoned off, the barium sulfate is 
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centrifuged and washed twice AVith liberal amounts of hot water, and the 
combmed solutions are filteied through ■\^Tiatman No 4 papei and con 
centrated xn vacuo to about 250 ml For this, and for subsequent evapora- 
tions in vacuo, a special still head described some years ago (11) is desirable, 
since it permits the mterchangeable use of short img neck Basics of different 
sizes 

Dehydration of Isocitnc Acid to Its Lactone — ^The cleai solution is trans 
feiied to a 1 liter tared flask and concentrated in vacuo in a boiling water 
bath until no more water distils and for about half an hour thereafter The 
vacuum is released and heatmg is contmued for another half hour, when the 
vacuum is agam applied and distillation renewed Several alternate cycles 
of heatmg and distillation for about 15 minutes each are then carried 
through, after which the flask is cooled and weighed The dark red viscous 
sirup should weigh close to 30 gm and most of the isocitnc acid is nor; 
present as the lactone 

Esterification of Isocitnc Lactone — K volume of absolute methyl alcohol 
m ml equal to 5 times the w^eight of the sirup in gm is added together mth 
slightly more than 1 volume of redistilled boron trifluoride etherate (b p 
51-52° at 22 mm ), and the mixture is heated under a reflux condenser on 
the steam bath, occasionally bemg shaken The sirup gradually dissolves 
and heatmg is contmued for a total of about 5 hours After bemg chilled 
and filtered if any'- separation of solid material occurs, most of the alcohol is 
distilled off and the residue is transferred with the aid of methyl alcohol to 
a 200 ml flask which is connected to a vacuum fiactionation apparatus 
equipped with a short column The methyl alcohol is first removed, the 
excess boron trifluoride etherate then distils and is followed by the (hhydrate 
at an oil bath temperature of 100-110° at 5 to 7 mm Evidence of the 
presence of a small amount of dimethyl malate may then be seen The 
temperature of the bath is gradually raised to 160-165° until distillation 
has practically ceased and is held there for about 15 minutes This tem- 
perature must not be exceeded or dimethyd isocitrate lactone will distil and 
crystallize m the condenser The distillate is discarded This operation 
removes the catalyst and the water together with any dimethyl malate 
piesent However, the greater part of the malic acid has been conveited 
into complex products of dehydration which form oils and tars that do not 
distil imder the conditions Esters and dehydration products of citric acid 
also remam undistilled 

Isolation of Cnide Dimethyl Isocitiate Lactone — The viscous black residue 
m the flask (about 31 gm ) is transferred ivith the aid of hot absolute ethyl 
alcohol to a beaker with a total volume of 150 ml Noiit equal to 10 per 
cent of the weight of the residue is added and the boilmg solution is filteied 
m a steam-jacketed funnel through "RTiatman No 4 paper moistened with 
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water Filtration is often slow and the heated funnel is necessary The 
nont IS washed with a total of 100 ml of hot alcohol and the dark colored 
but clear filtrate is chilled overnight, bemg stirred occasionally The buff- 
colored crude product which crystallizes is then filtered, washed with cold 
absolute alcohol, and dried at 70°, about 12 gm (meltmg pomt m range 
from 99-105°) are obtamed An additional small but equally pure crop 
can be obtained by concentration of the mother liquor The total yield 
should be about 13 gm , the equivalent of about 60 per cent of the isocitric 
acid present m the origmal alcohol extract of the tissue The balance of the 
isocitric acid is present as compounds that cannot be brought to crystalhze ® 
Purification of Dimethyl Isoatrate Lactone — The crude product is groimd 
to a fine powder and dissolved m 7 5 times its v eight of hot water at a tem- 
perature that should not exceed 90° After all but a little residual tar is m 
solution, one-fifth of its weight of norit is added together with a little Celite 
and the solution, after a short digestion period at 90°, is filtered on a steam- 
jacketed funnel, the residue bemg washed with hot water After bemg 
chilled overnight, the colorless crystals are filtered, washed with ice water 
followed by cold alcohol, and are dried at 70° or m air at room temperature 
The recovery is 77 to 80 per cent of material that melts between 104-106° 
A small second crop that raises the yield to 83 to 85 per cent can be obtamed 
from the mother liquor by evaporation to one-tenth its volume If this 
crop has a low meltmg pomt, it is recrystallized from hot absolute alcohol 
Different preparations gave specific rotations m methyl alcohol solution in 
the range from — 63° to — 65° After saponification, the specific rotation of 
the free acid m water m the presence of ammonium molybdate was —362 
± 4° as the mean of seven determmations on three pools of from one to ten 
preparations each, in agreement with an earlier figure of —363° (5) obtamed 
as the mean of observations on a small number of preparations As further 
evidence of identity, 0 100 gm each of a series of five preparations was 
sapomfied m the presence of excess 0 1 n sodium hydroxide by bemg heated 
on the steam bath for 15 mmutes Titration to phenolphthalem showed 
that from 14 80 to 14 85 ml of alkali were neutralized IMultiplied by the 
factor 67 38, these figures show that the purity was m the range 99 7 to 
100 1 per cent 

Isocitnc Acid Lactone — ^Although the dimethyl ester of the lactone is the 

‘ When pure isocitric acid is carried through the same senes of operations, the 
yields of dimethjl isocitrate lactone «ere from SO to 90 per cent The reasons for 
the Ion er yields secured n hen the mixture of acids in tissue extracts is esterified are 
being inxestigated, under these circumstances, reactions more complex than simple 
esterification seem to occur The desirabilitj of using tissue samples collected in 
the afternoon at the time of Ion malic acid content is ob^^ous in the light of the 
behavior described 
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most desirable compound of isocitiic acid foi isolation purposes (2) and is 
also to be prefeiied as a form in which to preserve the substance, occasions 
may ai ise in which the lactone itself may be needed To obtain this, 20 gm 
of the ester are boiled vath 200 ml of 3 n hydrochloric acid undei a reflu\ 
condenser for 6 hours The lactone iing is opened by acid hydrolysis but 
closes agam durmg the dehydration of the sirup Hydrolysis is accom- 
panied by slight decomposition The solution is tieated with 5 gm of 
norit, filtered, and concentiated %n vacuo to a sirup, heatmg bemg then 
contmued until the sirup solidifies The hard cake of crj'^stals is broken 
up, transferred to a dish m a vacuum desiccator over drierite and a dish of 
sohd sodium hydi oxide The desiccator is evacuated and placed in the 
oven at 105° foi 2 horn’s and then at room temperature for an additional 48 
hours, when all hydrochloiic acid wall have been absorbed The crude 
lactone weighed 17 1 gm (theoiy 17 3 gm ), sintered at 141°, and melted at 
148° Titration showed that 94 pei cent of the material was present as 
lactone while, after saponification with alkali, 97 per cent ivas present as 
isocitric acid Purification is effected by recrystalhzation fiom hot chloro 
form, the recover}'’ bemg about 91 per cent The purified lactone smtered 
at 148° and melted at 152-153° It gave no depiession of meltmg point 
when mixed vnth a higlily purified specimen of meltmg point 153-154° 
Aftei hydiolysis with alkali, the specific rotation of the isocitnc acid in the 
presence of ammonium molybdate was —366° 

The optically active lactone, m contiast with synthetic df-isocitnc 
lactone (12), is far too soluble in ethyl acetate for this solvent to be used for 
crystallization, even when toluene is added The recovery from the 
mixed solvents used m equal volumes was only about 60 per cent 

Isocline Acid — ^To prepare a solution of the sodium salt of isocitiic acid 
for expeiunental pin poses, the desiied quantity of the methyl ester of the 
lactone is dissolved in water and a small excess ovei the calculated quantity 
of standard sodium hydroxide solution is added The solution is heated 
on the steam bath until methyl alcohol is expelled and is neutialized to the 
desiied pH The lactone may be converted to the acid by a similar 
procedure 


DISCUSSION 

The efficiency of the exti action of the acids fiom the diy leaf tissue by the 
procedure advocated may be judged fiom the data of Table I Although 
less effective than extraction of the acidified tissue with ether, as m the 
analytical determmation of total organic acids ( 13 ), hot alcohol is much to 
be preferied to water foi practical work on the present scale, smee such 
components as inorganic salts and pectins aie not dissolved Acidification 
IS necessary to liberate the acids from their salts 
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Table II shows the approximate composition of a numbt*!* of lots of crude 
dimethyl isocitrate lactone, each analysis referrmg to a pool of several 
preparations The mdividual preparations were made fnjm quantities of 


Tabus I 

Organic Acids of Bryophyllum Leaf Tissue 
The figures refer to 200 gm samples of tissue harvested in the afternoon of sunny 
days 



B fcdtschenhoi 

B cahanum 

Dry 

lca\es 

■ Alcohol extract 

1 

Dr3 

leaves 

j Alcohol extract 


gm 

gm 1 

per cent 

gtn 

gm 1 

per cent 

Total acids 

54 71 


86 

36 46 


88 

Citnc acid 

4 61 


93 1 

2 73 



Malic " 

15 80 

15 28 

96 7 

8 64 



Isocitric acid (bj diff'erence)* j 

34 3 

27 5 

SO j 

25 1 

21 1 

84 


* Calculation bj difference involves the assumption that no other acids are pres- 
ent It has been shown for B calycinvm that the total quantity of other acids is in 
fact small (5) 


Table II 

Composition of Crude Dimethyl Isocitrate Lactone from Two Species of 
Bryophyllum Leaves 


Speaes 

No of 

1 prepa 
' rations 
in pool 

A\ crage 
yield of 
crude 
ester 

1 

Limits of 
m p of 
individual 
prepara 
tions 

Comp 

Di 

methyl 

isocitrate 

lactone 

osition of : 
crude cste 

Tn 

metb>l 

atratc 

pooled 

r 

Di 

methyl 

malate 

yield of 
pure 
estert 



per cent 

“C 

per cent 

Per cent 

per cent 

per cent 

B fedtschenkoi 

4 

70 1 

100-105 

89 9 

1 31 

6 29 

52 6 


2 

63 7 

103-105 

96 2 

0 52 

2 88 

52 9 


5 

63 6 

100-104 

89 4 

0 66 

5 27 

50 9 

B calycinum 

6 

59 0 

99-104 

85 

0 83 

3 32 

47 0 


6 

54 6 

101-105 


1 33 

3 58 

45 0 


* Yield calculated from isocitric acid content of drj tissue as obtained bj 
difference 

t The various samples melted fairly sharply beween 104-106°, the specific rota- 
tions in methyl alcohol were from —63° to —65°, and the specific rotations in the 
presence of ammomum mol3'bdate after saponification averaged —362 ± 4° 


dry tissue that ranged from 40 to 200 gm each The analyses, particularly 
those of the preparations from Bryophyllum calycinvm, do not account for 
the whole of the material because of the presence of tar-like impunties 
The proportion of dimethyl isocitrate lactone was calculated from obser- 
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vations of the rotation in the presence of ammonium molybdate after 
saponification, the influence of the small proportion of malic acid being 
neglected Malic and citric esteis were deterimned by the usual methods 
aftei saponification 

The final yields of purified dimethyl isocitrate lactone shoi\Ti m the last 
column of Table II were computed from the isocitric acid content of the 
alcohol extracts Inasmuch as this quantity was obtained by difference, 
no allowance being made foi the presence of othei organic acids, the figures 
sho^vn are doubtless underestimates 

The chief pioblem in the preparation of isocitiic acid from natural source': 
is the separation fiom citric acid which invaiiably accompanies it Frac 
tionation of the ethyl esteis has been found to be extremely inefficienf 
because of the similanty in boiling points (5), nor can the methyl, esters 
secured after lactone formation and estei ification with hydrogen chloride 
as catalyst be separated by fi actional crystallization save at the expense of 
serious losses Only from 15 to 30 pei cent of the isocitrzc acid present 
could be isolated m this way as dimethyl isocitrate lactone, the balance of 
the acid bemg present in uncrystallizable oils that were found to be rich in 
trimethyl isocitrate The lactone itself cannot be used for isolation because, 
unlike the synthetic material, the optically active natuial substance does 
not crystallize well m the presence of impurities However, the dimethyl 
ester (2) has excellent propei ties 

The use of boron tiifluoride etheiate as catalyst of the esterification of 
isocitric lactone solved the pioblem of obtaming moderately good yields of 
the estei, it bemg possible with this catalyst to estei ify pure preparations 
of both the optically active and the synthetic lactone with yields approach- 
mg 90 per cent, although none whatevei was secured fiom synthetic dl~ 
lactone when hydrogen chloride was used Nevertheless, boron trifluoride 
cannot be successfully used to catalyze the esterification of citric and malic 
acids With citric acid, a yield of only 40 to 50 pei cent of trimethyl citrate 
was obtamed, while malic acid yielded only tiaces of ester Furthermore, 
since dimethyl malate distils at about the same temperatuie as boron tri- 
fluoride dihydrate, separation is difficult After such estei ifications, the 
greater pait of the malic acid was present as a viscous oil that did not distil 
at a bath temperature as high as 250° at 5 to 7 mm piessuie Although 
the oil was acid in reaction, very little was soluble in water and only a small 
proportion of free acid gioups 'vvas present After saponification, about 76 
per cent of malic acid was present m the oil together with 4 to 5 per cent of 
fumaric acid, which was isolated by fi actional crystallization and identified 
by the melting point (179-180°) of the benzylthiouronium salt (14) Boron 
trifluoride clearly acts upon malic acid as a strong dehydrating reagent 
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This observation explains why only traces of dimethyl malate are 
observed durmg the distillation of the boron compounds from the esters 
and accounts for the pigmented tars found as contammants of the crude 
dunethyl isocitrate lactone It also accounts for the presence of small 
quantities of fumaric acid frequently observed in the mother liquors of 
the crystallization of the lactone ester after saponification Dimethyl 
fumarate sublimes at 100° and melts at 103-104° If present as a con- 
tammant of dim ethyl isocitrate lactone, the meltmg pomt of this substance 
IS greatly depressed Accordmgly the melting pomt of the crude isocitric 
acid derivative is an important criterion of purity and, together with the 
optical properties, serves as evidence of freedom from dimethyl fumarate 
However, no case has yet been encountered m which dimethyl fumarate 
separated along with the isocitric acid derivative 
The present observations suggest that boron trifluoride etherate, although 
imiquely valuable for the isolation of isocitric acid, should not be used as a 
catalyst of estenfication where the mterest is centered upon the recovery 
of malic or citric acids 


StJMMARI 

A method is described to prepare optically active d-isocitric acid from the 
dry leaf tissue of Bryophyllum fedtschenkoi or Bryophyllwn calycinum 
collected m the afternoon of sunny days at the time of low malic acid con- 
tent The organic acids are extracted with hot diluted alcohol and pre- 
cipitated as barium salts After liberation from the salts, the aqueous 
solution of the acids is concentrated to a sirup which is heated to convert 
isocitric acid to its lactone Esterification inth methyl alcohol in the 
presence of boron trifluoride etherate as catalyst yields the levorotatorj'’ 
trimethyl isocitrate lactone which is isolated by crystallization from hot 
ethyl alcohol and punfied by recrystallization from hot water Approxi- 
mately half of the isocitric acid calculated by difference to be present m the 
extract is obtained as pure dimethyl isocitrate lactone The failure to 
obtam higher yields may be m part ascribable to complex dehydration 
reactions that occur durmg the esterification of the mixiiure of acids in the 
presence of boron trifluoiide Nevertheless, boron trifluoride is much to 
be preferred to hydrogen chloride for this special purpose 

Dimethyl isocitrate lactone is the most desirable derivative of d-isocitric 
acid both for isolation and for storage It can be converted with little loss 
mto the free lactone by hydrolysis mth hydrochloric acid or mto isocitrate 
ivithout loss by saponification inth a slight excess of alkali 

Observations are recorded on the complex reactions which occur when 
malic acid is esterified mth boron trifluoride etherate as catal 3 rst 
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THE CYTOCHROME c-AZIDE COMPLEX 
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Since both cyanide and azide have been shovTi to block the ovidation of 
cytochrome c by cytochrome o\idase (1), it has been generally accepted 
that the toMcity of these substances is due to this property A considera- 
ble amount of evidence has accumulated, however, indicating that azide 
and cyamde do not inhibit respiration in a parallel manner under all con- 
ditions Thus Stannard (2) was able to demonstrate that only a fraction 
of the respiration of stimulated frog muscle is sensitive to azide and that 
the azide-insensitive fraction is identical with the respiration of the resting 
muscle Both resting and activity respiration, on the other hand, are 
completely inhibited by cyamde 

Fischer, Henry, and Low (3) found similarly that the extra respiration 
resulting on fertihzation of the sea-urchin egg is inhibited by azide, while 
the respiration of the unfertihzed egg is not azide-sensitive With respect 
to the action of cyamde on this system there is some confusion, some 
workers (4, 5) having reported that the respiration of the unfertihzed egg 
IS cyamde-insensitive However, Robbie (6) attnbutes these findings to a 
failure to maintain the cyamde concentration in the manometnc experi- 
ments and to a secondary oxygen uptake induced by the higher concen- 
trations of cyamde He presents evidence indicating that the respiration 
of both the unfertihzed and fertihzed egg is cyamde-sensitive 

To account for this fundamental difference in the effect of cyamde and 
azide on respiration, it has been postulated that an alternative pathway, 
independent of the cytochrome-cytochrome oxidase system, accounts for 
the azide-insensitive resting respiration (2, 5) Thus far, however, no 
evidence has been presented as to the nature of this pathw ay Horeckei 
and Kornberg (7) have demonstrated that ferncytochrome c combines 
inth cyamde ion under physiological conditions, and it became of interest 
to study the action of azide on this substance, since inth the isolated 
compound the quantitative as well as the qualitative aspects of the re- 
actions could be examined 


FXPERIMENTXL 

Cytochrome c — Tins was prepared from calf lieart bv the rccentlj’- modi- 
fied method of Keihn and Hnrtree (8) The Fe content of this prepara- 
/ 589 



590 


CYTOCHEOME C-AZIDB COMPLEX 


tion as determined by the method of Delory (9) was 0 33 per cent The 
cytochiome c solutions weie acidified to pH 4 0 with 0 1 n HCl and aerated 
to insure complete oxidation befoie neutiahzation and addition of buffer 
for each expeiiment 

Aztde Solutions — Azide solutions weie prepared fiom Eimer and Amend 
sodium azide and diluted in 0 05 m phosphate buffer unless othennse 
indicated 

Succimc Dehydrogenase — This was prepared fiom rat heart by grinding 
rvith sand in 2 volumes of m/15 Na 2 HP 04 and centrifuging hghtly 

Spectrophoio7neti y — ^The spectrophotometiic measurements vere made 
unth the Beckman spectrophotometer, with a spectral band width which 
varied from 7 A in the blue to 30 A in the red and infra-red The con 
centi ation of the cytochrome c solutions was determined at 6500 A after 
reduction with Na 2 S 204 and calculated ^vlth the extinction coefficient o! 
2 80 X 10^ (concentration in moles pei liter) The values obtained were 
in agreement voth those piedicted from the Fe content When concen 
trated solutions of sodium azide were prepared, these were found to have 
a slight yellow to led color and appiopriate blanlc measurements were 
made to coriect the absorption All measurements veie made in cells 
having a length of 10 0 mm 


Absorption Spectra 

Azide was found to foim a well defined complex wnth feiii cytochrome c 
with a specti-um differing significantly fiom that of free cytochrome, as is 
shoivn in Figs 1 and 2 The point of maximal absorption is shifted from 
5300 to 5400 A, an even greater shift than is observed inth the cyanide 
complex, and a small new band appears at about 5700 A The band for 
ferricytochrome c at 6925 A^ is absent in the azide complex, as it is in the 
cyamde complex, but below 6500 A the absorption is increased The 
extinction coefficients foi the azide complex weie calculated from data 
obtained with solutions containing 0 16 and 0 67 m sodium azide, for 
reasons indicated in the following section 

Dissociation Constant 

Tw 0 w ave-lengths, 6950 and 6300 A, at which the azide complex differs 
gieatlj’’ m absorption from the free cytochrome c, were used foi the detei- 
mmation of the dissociation constant Fig 3 shows the effect of increasing 
concentration of azide on the calculated extinction coefficients At 6950 A 

* In a recent review Theorell (10) has confused tins band w ith some previously re 
ported by Bigwood, Thomas, and Wolfers (11) These authors described bands at 
6400 to 6450 A and at 6750 A, which were obtained with ferricytochrome c only m 
alkaline solution and which are evidently distinct from the band at 6925 A 
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Fig 1 Absorption spectra of cji,ochrome c and denvati'ves Concentration, 
3 2 X 10”' ii, cell length, 10 0 mm 



Fig 2 Absorption spectra of cytochrome c and donvati\e3 in the red region 
Concentration, 3 2 X 10"‘ m, cell length, 10 0 mm 
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A there is a progressive deciease m absorption and at 6300 A a progressive 
inciease, in both cases approaching asymptotic values winch represent the 
extinction coefficients of the azide complex Hovexei, in the very con- 
centrated azide solutions lequiied for complete foimation of the complex, 
secondary effects, such as the foimation of turbidity, interfered xnth the 
accurate determination of the extinction coefficients These vere oh 
tamed by a graphical method 



Fig 3 Effect of azide on apparent extinction coefRcients of fernej tochroino c 
All solutions were diluted in 0 05 Af phosphate buffer 


The lectangulai hypcibolae shown in Fig 3 may be represented bv 
Equation 1, 


( 1 ) 


^complex €ob0er\ed 




€/rco) 


(ND 

K -f (N7) 


wheie ecompict, Orce, and 6obser\cd aie the extinction coefficients foi the 
complex, the free feiricytochiomc c, and the mixtuies, respectn'’cly, (^V) 
IS the concentiation of azide ion, and K the dissociation constant Fioni 
the reciprocal of Equation 1 a hneai relation is obtained. 


( 2 ) 


1 


^complex ^ob8er\cd 


K 1 1 

fcompio* •“ Efreo ) fcompUi — E/rco 


as is shoAxn in Fig 4 Ae denotes the change in extinction coefficient 
pioduccd bx addition of azide Fiom the inteicept the extinction coeffi- 
tiont of the complex may be calculated and fiom the slope the value of 
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the dissociation constant -Vt the two wave-lengths, values for the dis- 
sociation constant of 0 16 and 0 14 veie obtained 
In Fig 5 the experimental points are fitted to the theoretical curve for a 
dissociation constant of 0 15, vath 1 mole of azide ion assumed to combine 
vath 1 of cv tochrome c iVlso shovn aie v alues calculated on the basis of 
the hjdrazoic acid (HNs) concentration calculated from the hydrolysis of 
the azide ion, vath a value foi the dissociation constant of HNa of 1 9 X 
10~® (12) In the pH range from 5 9 to 7 8 the points calculated on the 
basis of azide ion are m agreement vath the theoretical curve, vlule on 



Fig 4 Graphical determination of the extinction coefficients of azide ferricj to- 
chrome c and the dissociation constant 

the basis of hydrazoic acid the points at each pH form a distinct set It 
IS thus concluded that, as in the case of examde, ferncytochrome c com- 
bines vath 1 mole of azide ion 


Rcversibthtj/ 

In order to establish that a true reversible equilibnum is reached vhen 
azide leacts vath cjdochrome c, the effect of succimc debj-^drogenase on 
the complex vas studied At a concentration of AV of 0 1 vr, all of the 
cytochrome c is completelj reduced m a fev minutes, despite the fact that 
40 per cent of the oxidized cj tochrome is combined vath azide At some- 
what higher azide concentrations the same general picture is observed, 
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although at concentiations high enough to bung about complete forma 
tion of complex the dehydiogenaso is inhibited as well, so that no reduction 
IS obseived Tins inhibition of succmic dehydrogenase is apparent!) 
similar to that obseived by Potter (13) foi chloride ion, and is obtained 
with sodium chloiide and sodium nitrate as well as with sodium azide 

E^eci of Azide on Autoxidalion of Fci i ocytocin ome c 

Although azide did not produce any changes in the absorption spectnira 
of feiiocytochiome c, it was found to acceleiate the autoxidation of tins 



Fig 5 Dissociation curve for azide-ferncytochrome c The line represents the 
theoretical curve for a dissociation constant of 0 15, nith 1 mole of ande assumed to 
combine ii itli 1 mole of ferncytochrome c 

substance maikedly, as is shown in Table I This effect on the late of 
autoMdation was suggestive of the foimation of an azide-feirocytochrome 
6 complex, with a decreased oxidation-reduction potential, but was subse- 
quently concluded to be due to the catalytic action of an non-azide com- 
plex foimed fiom tiaces of inoiganic iron Fiom Table I, it vull be seen 
that added non has a piomotmg effect on the azide catalysis, while iron 
m the absence of azide is without effect 

The feiric-azide complex is lesponsible foi the color of concentrated 
azide solutions pieviously mentioned, and exhibits an absorption maximum 
at 4250 A On reduction the color and absorption band disappear From 
the change m absorption at 4250 and 5500 A, it was established that there 
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IS an instantaneous and quantitative reaction between the fernc-azide 
complex and ferrocytochrome c, follomng vhich, in the presence of air, 
the iron-azide complex is reoxidized, the rate of this step determines the 
over-all rate of ferrocj’tochrome c oxidation Thus the alternate reduction 
and oxidation of the iron-azide complex bnngs about the complete oxida- 
tion of ferrocytochrome c, even though the iron is present in only minute 
quantities 


Table I 


Effect of Sodium Azide and Iron on Auloxtdalton of Cytochrome c 


Expefunent No 

NaNj 

Fe 

Rate o£ autoxidation 


molt per 1 

y per cc 

1* X lOi 

1 

0 

0 

5 



0 

9 

\ 


0 

90 



0 

890 

2 

0 

0 

20 


0 10 

0 

127 


0 10 

1 33 

1000 

3 

0 

0 

11 


0 

1 33 

15 


* First order reaction velocity constant as defined in the succeeding paper 


Table II 


Comparison of Azide and Cyanide Ferricytochrome c Complexes 



Azide 

Cyanide 

Dissociation constants at 25°, mole per 1 


2 X 10-« 

% ferricytochrome c as complex at equilibrium at 
25°, pH 7 4 in 0 001 m KCN or NaN, 


87 

Hate of formation 

Fast 

Slow 

pH effect 

Absent 

Present 


DISCUSSION 

In Table II the properties of the azide complex are compared mth 
those of the cyamde complex as previously reported (7) HTule c-sanide 
forms a stable complex vath a dissociation constant of 2 X 10"“, the rate 
of formation is slow, onlj’’ half the c 3 tochrome c is combined after GO 
minutes in 0 001 m KCN at 25°, pH 7 4 On the other hand, the azide 
complex IS much less stable, with a dissociation constant of about 0 15, 
but cquilibnum is reached nathin the 30 seconds required for the spectro- 
photometer reading 
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It IS inteiesting to note the fiaction of the feinc 5 ^tocliiome c winch 
combined at pH 7 4 m 0 001 m inliibitoi at 25°, since these conditions aie 
fiequently used m studies m vivo AVliile foimation of the cyamde com- 
plex at eqiiihbiium is almost complete, 87 per cent, piactically none of 
the fenicytochiome c ^^ould combine AMth azide 
The effect of pH on the degree of complex foimation m azide and in 
cyamde is to be compaied Anth the pH effect obseiA’’ed on the action of 
these inhibitois tn vivo The pH effect is absent in the range fiom 5 to S 
in the case of azide and piesent in the case of cyanide, indicating again 
that it IS the ionic foim of these substances AA^iich combines AVith the 
cytochiome c Thus in the case of azide the concentiation of the ionic 
foim does not change appreciably AAuth pH, since even at the acid end of 
the lange piactically all of the salt is ionized In the case of cyanide, 
hoAAeA’'er, hydrolysis in the pH lange studied is piactically complete, iii 
this case variations in pH produce large changes in the concentration of 
cyanide ion These observations are not in accord AAUth the pH effect 
observed in vivo, as is discussed in the succeeding paper 
The effect of azide on the oxidation of feiiocytochiome c suggests the 
possibility of a similar catalysis occurring m studies of the azide inhibition 
of lespiration To A\4iat extent this catalytic mechanism is able to leplace 
the cytochrome oxidase system remains to be deteimined, but it should 
be considered Avhenever the inhibition of respiration by azide is incomplete 
It has been established that the affimty of cytochiome c foi azide is 
A eiy much less than for cyanide Thus an alternatn^e pathAva 3 ^ of lespira- 
tion might involve an iron-contammg catalyst A\ith similai affinities 
In oidei for cytochiome c itself to account for the diffeieiitial effects of 
azide and cyanide, it becomes necessaiy to introduce a cyanide- and azide- 
insensitive mechanism for the oxidation of feirocytochiome c The shift 
tiom lesting to activity icspiiation would then inAmlve an activation of 
the poAAmful cytochiome oxidase system, as has pieAuously been suggested 
(2, 5) The activity respiiation Avould thus be sensitive to both cyanide 
and azide, Avhile only cyanide by combining Avith feiricytochrome c Avould 
affect the icstmg respiration Expeiimental verification of this hypothe- 
sis must aAA'ait the demonstration of an oxidative enzyme \\ath the icquiied 
chaiacteiisticb 


SUMMARY 

] A complex is foimed betAA’-een femcj’-tochiome c and azide ion A\hich 
contains 1 mole of azide ion pei mole of cytochiome c The complex is 
lapidlj" formed, but much less stable than the c3’-anide complex 

2 The absorption maximum is shifted fiom 5300 to 5400 A on formation 
of the complex and maiked changes in absoiption are obserA^ed in the red 
region 
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3 The dissociation constant as deteimined specti ophotometrically is 
0 15 at 25° The foimation of the complex is leversible 

4 The propel ties of the azide complex aie compaied with those of the 
cyanide complex and the possible physiological significance is discussed 
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Differences in the action of the commonly employed respiratory in- 
hibitors, cyamde and azide, have been described m studies on a number of 
tissues and nucroorgamsms, eg , resting and active frog muscle (1, 2), 
mammahan sahvary glands (3), embryomc fish hearts (4), and yeast (5) 
More recently differences in the action of these substances on the oxidation 
of vanous substrates by cell-free tissue preparations have been noted (6) 
Many of these findings and their interpretation vere reviewed by Stotz (7) 
and Goddard (8) and specific examples were outhned in the preceding paper 
(9) 

As a possible mechamsm to account for these differences in the action of 
cyamde and azide on respiration, it has been postulated that a different 
pathway of metabohsm, independent of the cytochrome-cytochrome 
oxidase system, may account for the azide-insensitive, cyamde-sensitive 
respiration As discussed m the preceding paper, the possible nature of this 
pathway is still unclear, although it is not difficult to find examples of 
systems with these charactenstics (6, 10) 

As an alternative to the separate pathway hj^iothesis. Ball (11) has 
proposed that the oxidation-reduction potentials of the azide and cyamde 
complexes formed vuth cytochrome oxidase may be sufficiently different to 
account for the results Specifically it ■nas postulated that azide might 
combine with both the ferro and fern forms of the enzyme, thus stabilizing 
the potential at a level sufficiently above that of cytochrome c to permit 
oxidation of the cytochromes at a dimimshed rate In the presence of 
cyamde, on the other hand, the potential of the cytochrome oxidase system 
would be too lo'w to allow any oxidation Since cytochrome oxidase has 
not yet been isolated, direct measurement of the oxidation-reduction 
potentials is impossible and no expenmental venfication of Ball's sugges- 
tion is possible However, it is clear that more fundamental study of the 
mode of action of these inhibitors, especially on cell-free preparations, is 
required The present study w as imtiated with this general objectn e in 
view , and specifically to observe the effects of azide and cj amde on the 
oxidation of ferrocytochrome c measured spectrophotometncalh 

599 



600 


INHIBITION OF CYTOCHROME OXID VSE 


EXPERIMENTAE 

Enzyme Pre-pat ations — The majoiity of the expenments were carried out 
A\ith a cytochiome oxidase piepaiation of lat heait, similai to that of 
Stotz and Hastings (12), except that the waslungs pieceding the extraction 
were omitted This prepaiation was found to be free of intact cells and 
could be pipetted leadily It was usable Muth some loss of activit}’’ for about 
2 weeks if kept lefiigerated This was diluted 1 100 to 1 5000 in appro- 
piiate buffei, the dilution needed being determined by the pH and, to a 
lesser extent, the age of the pieparation 

Rat biain and fiog skeletal muscle were piepaied as 2 per cent homoge- 
nates in distilled watei with a Waiing blendor, according to the technique 
desciibed by Albaum, Tepperman, and Bodansky (13) 

All enzyme pieparations were kept iced at all times until pipetted into 
the absozption cells 

Reagents — The buffers used were 0 05 m phosphate (Sprensen), Mcllvaine 
type, 01 0 1 M borate (pH 9 to 9 1) The nature of the buffei altered some- 
what the absolute lates of leaction at constant pH (the rates in phosphate 
buffer weie highei than in Mcllvaine’s buffer at neutrality but lower at pH 
values below 6 5) However, the effects of azide and cyamde weie inde- 
pendent of the natuie of the buffei used 
Cyanide solutions weie prepared fiesh foi each expeiiment fiom BakeTs 
leagent giade KCN by use of volumetiic flasks arranged to have only a 
negligible gas space when brought to volume Stock solutions weie made 
up in 0 1 N NaOH and dilutions fiom these piepaied and adjusted to the 
desiied pH just before the test This proceduie was found to mimmize 
loss of HCN fiom the veiy dilute solutions employed in the final stage 
Sodium azide solutions uere freshly pi epared each day in the appropriate 
buffei 

Cytochiome c was prepaied as desciibed in the pre^^ous papei and esti- 
mation of its concentiation and puiity cairied out in the same manner 
Befoie use in the spectiophotometiic test system a dilute solution was 
deoxygenated uith previously puiified mtrogen, leduced uuth a minimal 
quantity of NaoSoOj , and any excess hydiosulfite removed by aeiation 
To check the possible formation of H20» from the small excess of hydro- 
sulfite added in this pioceduie, pielimmaiy tests weie made in which the 
cytochiome was only paitially reduced by Na 2 S 204 No change m results 
could be detected 

Speelrophotomelry — The Beckman specti ophotometei was employed and 
density leadings made at 5500 A as a function of time All deteiminations 
with mhibitoi present were paialleled by a control set prepared fiom the 
diluted enzyme at the same time The oxidation of feirocytochromc c uas 
fiist order until respect to this substance, and the results are expiessed as 
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/he first order reaction velocity constants On the basis of fundamental 
^^uations already described by Altschul, Abrams, and Hogness (14), the 
condntration of ferrocytochrome c in moles per liter at any given time 
vas calculated from the relation 


C (ferrocytochrome c) 


, ^ferrx 

at 

^ferro 

(^ferro " 




Cferri)^ 


IV here C (ferrocytochrome c) is expiessed m moles per liter, eterro and etem 
represent the extinction coefiicients of ferro- and ferncytochrome c re- 
spectively, dNajSjOi IS the optical density after addition of a slight excess of 
hydrosulfite, and the optical density at any time, t This becomes for a 
length, Z, of 1 0 cm and eieno and e/em equal to 2 80 X 10* and 0 84 X 10*, 
respectively, at 5500 A 


C (ferrocytochrome c) = 


di — 0 3fiNft2S204 

1 96 X 10* 


Correction for autoxidation of ferrocytochrome c was not necessary in 
most expenments, since this late was negligible in comparison with the 
enzymatic rate However, such determinations vrere included under each 
set of expenmental conditions It was noted that cyamde completely 
inhibited autoxidation, -while azide at higher concentrations had a ten- 
dency to accelerate autoxidation (9) 

Manomelric Experiments — ^These were earned out in a conventional 
Barer oft-Warburg apparatus with reaction vessels of about 7 ml capacity 
The thin hind limb muscles of the frog were carefully dissected the eve- 
ning before the expenment and treated as described by Stannard (1) 


Remits 

Fig 1 illustrates the proportionahty of reaction rate to concentration of 
enzyme with the rat heai t preparation The rates are strictly proportional 
except for the point at 15 X 10~® ml of enzyme, which presented a much 
more rapid rate of o-xidation than was employed in the inhibitor expen- 
ments, and which w^as too rapid for rehable measurement It is con- 
cluded that the rates arc sufficiently proportional to enzjmie concentration 
to permit quantitative analysis of the inhibitor expenments 

Effect of Azide — ^Fig 2 presents a composite plot representing the per cent 
cj tochrome oxidase actinty remaimng as a function of the concentration of 
Na" and of undissociated acid, HNa , at a senes of pH values Fig 2 con- 
tains points obtained for the rat heart preparation only, but identical 
results were obtained at pH 7 4 with a homogenate of frog skeletal muscle 
A notable feature of the results plotted m Fig 2 is the progression of 
apparent effect wath pH if Na" ion concentration is used as the basis for 
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ml ENZYME (X 10^) 


Fig. 1 Oxidation of ferrocytochrome c as a function of enzyme concentration 
(referred to the original enzyme preparation) , pH 7 4, temperature 25° 



Fig 2 The effect of azide on cytochrome oxidase activity as measured by oxida- 
tion of ferrocytochrome c in a rat heart preparation The solid line is calculated 
from the mass law as described in the text, assuming a dissociation constant of 
7 X 10~’, temperature 25-26° 

companson Thus the solid symbols fit no single cuive but would form a 
family of curves progressing to the left with deci easing pH As a result 
there is a nearly hundied-fold difference in the N3- ion (and NaNs)^ con- 

i Since the free acid is aln ays a relatively small fraction of the total azide in the pH 
range employed (0 17 at pH 5 4, 0 002 at pH 7 4), the relationship of effect to total 
NaNi and to Nr is very similar 
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f entiations icquired to pioduce a given effect as the pH pi ogresses from 7 4 
to 5 4 Vctually this onl\ reflects quantitativelj" the change in free acid 
concentration and suggests strongly that inhibition is propoitional to the 
HNj conccnti ation This is completely borne out by the good fit to theory 
(Fig 2) obtained i\ hen computation is based upon the HN 3 concentration 
For these reasons, the dissociation constant and other charactenstics are 
reported on the basis of a reaction between the free acid (HN 3 ) and the 



Fig 3 The effect of cyamde on cytochrome oxidase activity of rat heart and bram 
preparations The open symbols represent HCN concentrations the solid symbols 
CN“ concentrations The sqlid line is derived from the mass laiv as described in the 
text, assuming K for the enz 3 me-HCN complex = 5 X 10~i, temperature 25-26° 

enzyme As is indicated in the legend, the curve fitted to the open symbols 
IS a theoretical one derived fiom the mass law and represents the expression 

(Free enzyme) ^ 

(Combined enzyme) 

wheie (free enzjTne) is the fraction of activitj lemaimng (combined 
enzyme), the fraction of actuity inhibited, n the number of molecules of 
azide combimng with each enzjTne molecule (or active group), and K 
the dissociation constant of the enzvme-azidc complex In these calcula- 
tions the dissociation const int of w is taken is ] H X 10~® (15), n = 1, 
K = 7 X 10 -" 

EffccI of Cyanide — Fig 3 presents a composite graph for expenmenta m 
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i\hich the influence of cyanide on the enzjnnatic oxidation of ferrocyto- 
chrome c was detennmed at several H+ ion concentrations Rat heart and 
brain homogenates weie employed as souices of the enz>mie Tlie activity 
remaining is plotted as a function of log (CN") or log (HCN) 

In spite of the piecautions outlined in the expeiimental section for 
handling KCN solutions, the vaiiabihty obseived in these expeiiments was 
somewhat gieatei than in those with azide Hence a laigei numbei of tests 
was made It is clear, howevei , that the effect of cyanide on both heai t and 
brain preparations closely parallels that desciibed above foi azide The 
points based on cyanide ion foim a family of cuives as a function of pH, 
while those relating effect to fiee HCN concentiation fit reasonably well a 
theoretical curve derived fiom the mass law in the manner described above 
for azide The dissociation constant for the enzyme-HCN complex is 
5 X 10“^ and 7i = 1 * Thus the similaritj' in the action of azide and cyamde 
is marked and extends even to almost identical dissociation constants foi 
the respective enzjTme-inhibitoi complexes 
Since the dissociation constant of HCN is very small (7 2 X at 
25° (15)), most of the cyanide is present as HCN except at the most alkaline 
pH As a result there is very little difference in the inhibitory action of a 
given total KCN concentration at various pH values in the physiological 
lange, a superficial contrast ivith the marked pH dependency seen vith 
NaNa This same contrast has been obseived in intact tissue studies (4) 
The basis for the phenomenon %n mho at least is now obvious 
Incidental to the above, it is also clear that, at pH 7 4 for example, 
cyanide will be a more effective inhibitor than azide on the basis of total 
salt at siibmaximal levels of inhibition Foi example, at 10~® u total salt 
and pH 7 4 the oxidase is completely bound to cj^anide, but only 75 per cent 
IS bound to azide Howevei , this is of importance only in deteimiiung the 
concentration range for exploration in experiments with intact tissues and 
does not represent a fundamental difference m action 

Manojnetnc Expeumenis — A dependency of effect on pH was noted in 
Keihn’s original observations on the effect of azide on yeast respiration (16), 
and, as noted above, both the presence of pH dependency in the case of 
azide and its absence in the case of cyanide nere noted by Armstrong and 
Fishei (4) On the other hand, experiments with fiog muscle (1) showed 
that the resting lespiiation lemained insensitive to azide even when the pH 
of the medium was lowered to 4 G In these eailiei experiments, the lespi- 
lation of stimulated muscle nas studied at a single pH In view of the 
hypothesis that cytochiome oxidase paiticipates only in the respiiation of 

s The scatter of points m the cyanide tests necessitated trials of lines calculated on 
the basis of n = 2 and n *= 1 , but the fit of these latter m as obviously poorer than v ith 
n = 1 
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stimulated muscle, a check of the effect of azide on the activity respiration 
atvanouspH values vas considered of interest for companson vith the 
results in vitro already outlined 

Accordmglj', the effect of selected NaNs concentrations on the oxygen 
uptake of frog muscle stimulated by immersion m 0 035 per cent caffeine 
(c/ (1)1 vas determined as a function of pH of the medium over the range 
7 4 to 5 4 The results aie summanzed m Table I 

It IS clear that there is a marked pH dependencj in the effect of azide on 
the respiration of caffeinized frog muscle Also it will be noted that the 
inhibition IS not complete even at the lowest pH, since total respiration, not 


Table I 


Inhibition of Oj Uptake of Caffeinized Frog Muscle by Azide at Various pH Values 


Initial 
pH of 

1 \aNj 

HN> 

oxygen uptake (Ooj)* 

Per cent change 

medium 

Controlt 

1 1st 30 mm 

2nd 30 mm 



7 4 

Jf X 10' 

8 4 

uXlO* ' 
0 02 

1 90 

2 20 

2 54 

-fl6 

+34 


8 2 


1 56 

1 80 

2 16 

+15 

+39 

7 1 

8 9 


4 57 

4 16 

3 72 

-9 

-18 


9 0 


2 12 

2 00 

3 10 

-6 

+46 

1 

9 0 

BIB 

2 56 

2 62 

3 08 

+8 

+20 


28 0 

Bo 

2 60 

2 58 

1 38 

-1 

-47 

6 0 

0 3 

BO 

4 10 

3 48 

3 46 

-15 

-16 

1 

9 I 

BO 

5 76 

, 1 78 

1 18 

-69 

-80 

5 6 

8 2 


2 74 

1 18 

0 76 

-57 

-72 


8 5 


2 96 

1 10 

0 74 

-63 

-75 

5 4 

9 5 


4 84 

1 46 

0 72 

-70 

[ -85 


9 5 


6 98 

2 26 

1 44 

-69 

-79 


* In c mm per mg of w et w eight per hour 
t Before addition of azide 


the increment due to caffeine, is reported in Table I Since the intra- 
cellular H+ concentration could not be determined, no attempt w as made to 
place these data on the same basis as the spectrophotometric determina- 
tions Also, penetration phenomena maj' modify the results obtained m 
experiments with intact tissues Howe\er, the basic phenomenon is 
clearly present, and bears a close similarity to that observed in the oxidation 
of ferrocytochrome c measured spectrophotometncallj 

DISCUSSION 

The expenments presented above demonstrate that the enzjnnatic oxi- 
dation of ferrocj tochrome c can be completely inhibited bj both azide and 
cyanide when a spectrophotometric test si stem and cell-free homogenates 
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ai e employed In addition, the pi opei ties of the icaction betii een enzyme 
and inliibitor aie veiy similai iMth these tuo substances Theie is no 
“azide-stable” fiaction oi othci diffeience between azide and cj'-amde com- 
paiable to those seen in intact tissues (1-6) oi to be expected from Ball’s 
postulated behavioi of the oxidation-ieduction potentials of the enzjune- 
inhibitoi complex (11) Unless the azide complex of cytochiome oxidase 
behaves difteiently in vivo, it is unable to oxidize cjdochrome c and, theie- 
foie, could not account foi the lesidual lespiiation obtained in the 
piesence of azide Thus othei mechamsms, possibly still involving cyto- 
(hiome c, but not the oxidase, must be sought foi an explanation of the 
azide-insensitive, cyanide-sensitive lespiiation of intact tissues The 
possibility that the inliibitoi itself bungs about qualitative changes in 
metabolism cannot be ignored (17), howevei, and fuithei studies of this 
aspect vith puiified systems are in piogiess 

The effect of pH noted vuth azide in yeast and othei intact cells and 
desciibed above in muscle has frequently been attributed to permeabihty 
phenomena because of the moie leady cellulai penetiation, in general, of 
uncharged pai tides The appearance of this same phenomenon in cell-fiee 
picpaiations indicates that the explanation in intact tissues may be, m part 
at least, characteiistic of the combination bet^^ecn enzyme and inhibitor 
A study of the lelative loles of these tuo phenomena in intact cells is indi- 
cated, especially since it has been shown that ceitain local anesthetic bases 
entei Arhacia eggs as undissociated molecules but act in cationic foim (18), 
vhile many baibituiic acid deiivafives both penetiate and act as un- 
dissociated molecules (19) 

The expel iments vith cyamde neie technicallj’^ closely similai to those 
lepoiled by Albaum, Teppeiman, and Bodansky (13) Yet oui results 
indicate a close agi cement with equations deiived fiom the mass law with 
1 molecule of cyanide combining mth 1 of enzyme, vhile Albaum et al 
obtained a cui vc i elating activity to log cyanide concentiation, from which 
it v ould appeal that 1 cj'-anide inactivates 4 enzyme molecules (oi active 
gioups) Consequently, their expeiiment iMth lat biain was duplicated 
exactly as desciibed except foi use of double the quantity of enzyme and 
shghtlj' lowei pH, and the lesults shovn in Fig 3 weic obtained Theie- 
foie, we aie at a loss to account foi the diffeience between these two senes 
of expel iments 

Except foi the examples cited at the outset and above, it has not been 
possible to locate cleai cases m the literatuie m which the reaction of an 
enz'V'me vith cyanide oi azide takes place vith the free acid Usually the 
foim of combination is ignoied, although many of the earhei studios on 
cyanide utilize teimmologj indicating that HCN vas considered the 
active agent {eg , inhibition of Atmvngsfet inent (20), catalase inliibition 
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(21), and peioxidase inliibiton (22)), but uithout formal proof or data 
uhich could be used for the necessary computations 

In the preceding paper (9) , and m earlier work on the cyamde-cy tochrome 
r comple\ (23), the reaction of azide and cjmmde ivith ferncytochrome c 
M as shouTi to involve the lomc forms, Ns" and CN" Since the reaction 
M ith cjdochrome oxidase involves the undissociated acid as shown here, the 
form of combination with femhemoglobin and femmyoglobm vas con- 
‘'idered of interest The magnetic moment studies of Corj^eU, Stitt, and 
Pauhng (24) show that the reaction between femhemoglobin and cj^mde 
involves the CN~ ion We have confirmed this finding, using a spectro- 
photometnc method, and have extended the observations to include azide 
and femmjmglobm ® It was clear that the Ns" and CN~ are the forms which 
combine vith femhemoglobin and femmyoglobm Thus the enzyme 
c^’tochrome oxidase appears in a somewhat anomalous position with 
lespect to hemin tjTie compounds of established structure Interestmg 
ciuestions are raised, thereby, as to the nature of the combimng groups m 
tlic enzjme and the structure of the oxidase as compared wth well estab- 
lished hemm compounds 

SUMAURI 

1 The oxidation of ferrocidochrome c bj cytochrome oxidase prepara- 
tions from rat heart and brain and from frog skeletal muscle was followed 
spectrophotometncally, and the effects of azide and cyamde investigated 

2 Both azide and cyamde can bnng about complete mhibition of enzy- 
matic cytochrome c oxidation 

3 Apphcation of the mass law to the action of these substances at 
vanous pH values demonstrates that m both cases a complex is formed with 
the undissociated acids, HNj and HCN, while combination vath fem- 
cj tochrome c, femhemoglobin, and femmyoglobm occurs with the re- 
spective ions The dissociation constant for the enzjTne-inhibitor complex 
was found to be 7 X 10"^ for hydrazoic acid and 5 X 10"^ for hj drocyamc 
acid 

4 The effect of azide on the oxygen uptake of stimulated frog muscle 
IS dependent on the pH of the medium in quahtatively the same manner as 
the oxidation of ferrocytochrome c is in a cell-free homogenate 

5 The 77! vitro findings are compared w ith the action of azide and c^ a- 
nide on intact tissue^ and mici oorgamsms 
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MICROBIOLOGICAL ASSAY OF CORN STEEP LIQUOR 
FOR AMINO ACID CONTENT 

Bt EABL ^ CARDINAL* and LESLIE R HEDRICK 
{From the Department of Biology, Illinois Institute of Technology, Chicago) 
(Received for publication, September 29, 1947) 

The com wet milling industry has been in operation foi about 100 years 
in this country Until large scale production of penicillin was staited dur- 
ing recent yeais, all of the steep water, a by-product of the wet milling 
process, uas disposed of as feed Since this by-product has played an 
important role in the production of penicillin, a systematic analytical eval- 
uation of the nitrogenous components, such as that recently earned out by 
White ef af (1), is in order In these studies, some ammo acids were sub- 
stituted for steep water with satisfactory results A reasonably complete 
amino acid assay might mdicate that certam other ammo acids present m 
steep water are responsible for the veil knowm stimulation of Pemcilhum 
by steep water Accordmgly, hydrolyzed and unhydrolyzed preparations 
Mere assayed for ammo acids and a feu' other components 

Preparahon of Samples 

The steep vater used for the assay of ammo acids was “heavy” steep 
water which had been incubated and then concentrated by evaporation to 
54 2 per cent of dry solids and u^as taken from a tank car lot destmed for 
use m the production of penicillin Hydrolyzed samples M'ere prepared by 
refluxing 1 gm of steep water (dry basis) in 40 ml of 6 n HCl for 18 hours 
Most of the acid m as removed by distillation and the remainder m as neutra- 
lized Muth 5 0 N NaOH The hydrolysate was then filtered and adjusted 
to the desired volume The unhydrolyzed samples m ere diluted rnth v^ater 
after being adjusted to pH 6 8 vuth 6 0 n sodium hydroxide and were not 
filtered, since representative samples of the nitrogenous material for ammo 
acid assay w ere m anted Aliquots of both the hydrolysate and the steep 
Mater suspension Mere diluted to the desiied volumes for assay 

The general analytical data for the concentrated steep Mater are pre- 
sented m Table I The total nitrogen M'as deteimmed by the Kjeldahl 
method (2) Ammo nitrogen mss determined bj-^ the Van Slyke method 
(3), and a procedure described by Fnedemann and Graeser (4) Mas folloMed 
for lactic acid detennmation 

1 kilo of this sample of steep Mater, drj basis, is the concentrated ex- 
tinct from 13 to 16 kilos of corn 

* Present address, Corn Products Refining Compnnj , Argo, Illinois 
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AMINO ACIDS IN CORN STEEP LIQUOR 


Ashay Pioccdmcs 

The cimiuo acidb used to piepaie standaid solutions foi the woik lepoited 
Meie as follows DL-leucine (Meick), DL-isolcucme (Mei(k), i -glutamic acid 
I (Pfanstiehl), DL-vahne (Lcmke), DL-thieonine (Meick), L-lysme dilij'^dio- 
chloiide (Lemke), L-argmme hydiochloiide (Lemke), iMustidme (Lcmke), 
L-piohne (Meick), DL-phenylalamnc (Lemke), DL-mcthioniiic (Meick), dl- 
aspaitic acid (Monsanto), L-cystme (Planstichl), DL-seiine (Lemke), L-tyro- 
sine (Meick), and DL-alanine (Meick) Solutions of these ammo acids 
weie kept undei toluene in the lefiigciatoi 

The cultuies weic earned on yeast-de\ti ose-veal infusion agai Subcul- 
tuies neie made at neeklj' intci vals and incubated foi 24 hoiiis at 37° and 
then stoied in the lefiigeiatoi The standaid mici obiological techniques 
of inoculation (5-7) and incubation at 37° foi 72 houis weie followed 
The acid pioduced was titiated m the cultiiie tubes with 0 05 n NaOlI 
to pH 7 wuth biomothymol blue as an mdicatoi The liquid was stiired 


Table I 

Pei Cent Composition of “Heavy Incubated” Steep Walci 


Dry substance 

64 2 

Total N, dry basis 

8 7 

Ash, dry basis 

20 6 

Amino N, before lij drolysis 

2 0 

“ after “ 

7 0 

pH 

3 7 

Lactic acid, drj basis 

26 0 


w'lth ail bubbles iiom a capillaiy tube Each ammo acid assa3'^ was earned 
out twice in tiiphcate foi each assay level Each value lepoited in this 
papci IS deiived fiom five levels The icsults aie showm m Table IT 
Leucine, isoleucme, v aline, and glutamic acid weie determined w ith Lacto- 
bacillus aiabmosus 17-5 The medium used is desciibed by Shankman (5) 
Threonine was detei-mined with Stieplococciis faecahs The basal me- 
dium of Shankman (5) was used with the exception ot the folic acid con- 
ccntiate, which was inci eased 10-fold 

Lysine, aiginmc, piohne, phemdalaninc, histidine, methionine, (vstme, 
seime, alanine, and ispaitic acid weie dcteiinmed with Lcuconoslor pustn- 
teroides P-60 Idie medium used differed fiom Dunn’s Medium D (7) in 
the following lespects Ammonium sultate was used instead of immonium 
chloride and the amount of histidine wa'^ in( leased 5-fold No liydiox^- 
piohnc was used Foi the first fivm ammo .icids m this gioup, the folic 
acid (Wilson Laboi atones) was iiu leaded 1000 times 

The ammo add as-^ajs of steep watci in Table IT aie of mleicst foi sev- 
eral reasons Fust, the total nitiogen content is almost completeb" ac- 
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t;ounted for bv ‘immonia and ammo acids Second, the large proportion 
of the nitiogen repiesentcd bi alanine, glutamic acid, and aigmine is of 
interest The alanine content is surprismg, smce it accounts for more than 
one-fourth of the total mtiogen 

The ammo acid i alues are piesented foi consideration by those nho use 
steep watei m miciobiological substrates or as a source of certam ammo 
acids Foi evample, the use of steep i\ atei made possible the commercial 
pioduction of penicillin Thi<5 may he due to the piesence of certain ammo 


Table II 

Ammo Acid Assays of Corn Steep Water 


Ammo acid 

Per cent nitrogen accounted for 

Hydrolysate 

Unhydrolyzed steep 
water 

Leucine 

5 86 

4 80 

Isoleucine 

3 40 

2 80 

Valme 

3 88 

2 86 

Glutamic acid 

7 97 

3 00 

Threomne 

3 44 


Lysine 

3 97 


Arginine 

8 23 


Histidine 

6 78 


Proline 

4 75 


Phenylalanine 

2 05 


Methiomne 

1 07 


Aspartic acid 

1 68 


Cystine 

1 22 


Alanine 

27 70 


TjTosine 

0 74 


Ammoma* 

12 70 


Total 

95 44 



* Determined by distilling a portion of neutralized hj drolysate for 3 minutes in 
the presence of a 10 per cent suspension of Mg (OH). 


acids in steep watei Ihe inciease m the amino nitrogen upon hj-'drohsis 
fi om 2 9 to 7 pel cent suggests that not all the ammo acids found m the 
hj drolysate are present as such before hjdrohsis Further etadence for 
this belief is the louei amount of nitrogen accounted for b\ tiie four ammo 
acids issajed m the unhydrohzed steep water (Table II) The presence 
of peptides is indicated 


SUMMAKl 

Vmmo acids determined raicrobiologicalb together with ammonia ac- 
count for over 95 per cent of the total nitrogen in concentrated steep water 
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After hydrolysis, more than one-quaiter of the nitrogen is present as alanine 
Although argmine accounted for the next highest peicentage of nitrogen, 
the glutamic acid content in teims of gm of ammo acid per gm of steep 
water is highei Unhydrolyzed steep w^ater yields significantly lower ap- 
paient ammo acid values than does the hydrolysate This suggests that 
some of the potential ammo acids aie piesent as ammo acid residues m 
more complex structuies, possibly polypeptides 
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URINARY EXCRETION OF AMINO ACIDS BY HUMAN 
SUBJECTS ON NORMAL DIETS* 

By HAROLD W WOODSON, STANLEY W HIER, J4MES D SOLOMON, 

AND OLAF BERGEIM 

(From the Deparltnenl of Biological Chemistry, College of Medicine, University 
of Illinois, and the Research Laboratories, The Wtiso;! Laboratories, Chicago) 

(Received for publication, October 11, 1947) 

In previous studies (1-4) v e have reported on the microbiological assay 
of apparent free ammo acids in dog and human plasma, sweat, and cerebro- 
spmal fluid As a further extension of our studies on body fluids, we are 
presenting a study of the unnary excretion of fifteen ammo acids in the free 
and combined form on eighteen normal human subjects on their usual 
dietary regime 


EXPERIMENTAL 

Methods — The subjects were five female and thirteen male freshmen 
medical students, who collected 24 houi urine specimens under toluene 
The body weights of these subjects ranged from 110 to 183 pounds, wuth a 
mean of 147 pounds The subjects w'ere on their usual dietary regime w'hich 
gave unnary excretion values for total mtrogen, rangmg from 6 3 to 18 4 gm 
per day w ith a mean of 12 5 gm The calonc intake ranged from 1372 to 
3582 calones per day with a mean of 2129 calones Unne volumes ranged 
from 1241 to 4100 ml per day with a mean of 1840 ml 
The microbiological methods for the assay of argimne, glutamic acid, 
histidine, isoleucine, leucine, lysine, phen3dalanine, tjTosme, and valme 
were those descnbed previouslj"^ by Hier and Bergeim (1, 2) and by Hier 
el al (5), except that threonine and methionine were assayed with Strepto- 
coccus faecahs according to Stokes el al (0) TrjTitophan values w ere ob- 
tained bj”^ the method of Dunn et al (7) Cj'stme and aspartic acid w ere 
assaj'ed w ith Leuconostoc mesentei aides P-60 with the improved Medium D 
described bj^ Dunn et al (8, 9) Prolme was assaj’^ed wuth Leuconostoc 
mesentcrmdes P-60 with the medium of Barton-Wnght et al (10) 

Small tubes (13 X 100 mm ) weie used and onlj^ 1 ml of basal medium 
was added to each tube After the addition of standard and unknown 
solutions, the final volume w as adjusted to 2 ml and the tubes w ere covered 

• Tins i\ ork w as aided by grants and fellow ship awards from the Julius Rosenw aid 
Fund, Graduate School of the Uni%ersit\ of Illinois, Institute of Medicine of Chi 
cago, National Institute of Health of the United States Public Health Semce, and 
th^ Nutrition Foundation, Inc 
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with aluminum caps and sterilized for 10 minules All other technical 
details ha^e been pieMousb’- desciibed (1), except that the tubes were 
titiated AMth 0 02 N NaOH 

Foi the assay of the apparent fice amino acids, the diluted uiine uas 
used Total ammo acids, except tiyptoplian, iieic delei mined on acid- 
h 3 ’^diolyzed mines Total ll 3 ^)tophan Mas delei mined on .ilkah-h}dio- 
Ij'zed mines 

25 ml of mine Meio made 2 x' Muth 1 1 HoSOi (ajipioximalely 3 2 ml ) 
and diluted to 30 ml 5 ml of mine Meie made 2 x' Mith 12 \ NaOH (ap- 
pioximately 1 ml ) The samples Meic heated m the aulocla'N e at 15 pounds 
pressme foi 5 lioui'' The tubes neie cooled .md the hj’-diohzcd luiiic 
adjusted to pH 0 8, hlleiod, and diluted to the desiied volume 

Effect of Cuno)!/ U)ca—h\ eailioi studies on the assay of appaicnt fice 
ammo acids m mine, ve found a definite inhibition of gioMth of assay 
organisms at the dilutions used Since it has been shoM n by i ai ions m oik- 
ers (11-13) that mea i*. bacteiiostatic and bacleneidal foi a numbei of 
Gram-negative and Giam-positive bacteiia, ue investigated the effect of 
^a^lous concentiations ot mea on Lactobacillus atabtuosus and Leiiconosioc 
vicscnteioidcs to deteimmc at vhat concentiation mea inlubition began 
Tnliibition of gi om (h began at appioximatch 3 mg of ui ca pei assay tube 
This gioMth inhibition Mas giealei when the mea-containmg solution Mas 
autoclaved at 15 pounds piessuie foi 10 minutes than M'hen the urea solu- 
tion Mas steiilizcd bv filtiation thiough a Beikefeld hltei Tbeic is some 
inciease m pll upon autocla^ ing, but this Mas not gieat enough to account 
for the gioM-th inhibition It appeals, fiom these cxpei iments that mea oi 
ammonia, oi both, is lesponsible foi most of the giovtli inhibition m micio- 
biological assays of mine Vccoidinglj, to minimize inhibition, dilutions 
or aliquots of mine mcio used m most cases containing less than 3 mg of 
mea pei tube In the lixdiolvzed m me specimens, theic Mas no inhibition, 
since the mea Mas decomposed m the autoclaving piocess Dunn cl al (14) 
also found that the acid hydiolvsis of mine Mas an effective tieatment foi 
the deteimmation of total ammo ac ids 

DISCUSSION 

Values aie leported foi the fifteen ammo acids m mg pei 24 horns in 
Table I as apparent free ammo acids, total ammo acids, combined ammo 
acids, and the peicentage of the total in the combined foim 

It is seen that the ammo acids excieted by the diffeient subjects show no 
significant variations m amount, although theie is a ^vlde vaiiation in the 
type of “normal” diets, caloiic intake, mine volume, and total nitiogen ex- 
cretion ^Vnalyses M^ere also made foi line acid, cieatmme, and ammonia 
The results arc not included m the tables, since no significant coiielation 
could be obsenmd 
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Apparent free anuno acids iseie present in ei erj’- case except for aspartic 
acid Onlj one specimen contained apparent free aspartic acid T\io 
subjects did not excrete an3 apparent free glutamic acid 


Table I 

Urinary Excrclion of “tree” and “Combined” Imiito Acids by Eighteen Subjects on 

^ ormal Diets 

Reported a"? rag per 2i hours 


Flee 


Total ‘ Cotnbtned ! 


I 

Range 

Mean 

j Range 

j Mean j 

Range 

j Mean ! 

1 Range 

j Mean 

Arginine 

11 0- 

21 

3 

'12 2- 

1 23 

7 

0- 

6 

6 

!o- 

24 

2 

1 

I 

36 2 

±6 

9 

1 45 0 

±7 

9 I 

13 8 ' 



52 9 




0- 

1 

3 

.87 4- 

1 164 

5 1 

82 7- 

163 

2 

82 1- 

99 

2 

Aspartir acid j 

23 6 

±0 

6 

258 8 

1 ±46 

7 1 

258 8 

1 

i 

100 



CjBtine ' 

45 2- 

87 

7 

! 


f 

1 








138 0 

±25 











Glutamic acid ■ 

0- 1 

35 

8 

1IO2 4- 

351 

4 

72 6- 

315 

6 

70 0- 

89 

8 

1 

63 7 

±19 

2 

1 769 5 ! 

[±lol 

4 

708 7 


1 

100 



Histidine 1 

60 3- 

188 

3 

|65 4- 

1 203 

3 

5 1- 

40 

5 1 

|4 8- 

14 

9 

1 

378 0 

±99 

2 

1 438 8 

,±101 

1 

123 2 


1 

34 5 

i 


Isoloucine 

0- 

5 

9 

111 8- 

' 20 

3 

3 9- 

14 

4 ‘ 

18 3- 


0 


20 1 1 

±■1 

5 

' 33 4 

' ±5 

5 

30 3 ] 


i 

1 100 ‘ 



Leucine 

3 S- ' 

1 9 

6 

11 9- 

21 

2 

3 5- 

12 

3 

129 4- ! 

i 55 

6 


1 IS 5 

±3 

3 

1 40 0 

±6 

6 

20 6 1 



81 8 



Lj sine 

'18 2- 

33 

6 

135 6- 

1 73 

2 

jl5 4— 

1 43 

0 

23 4- 

1 57 

1 


1 88 2 ' 

±16 

9 

1 166 0 

1 ±29 

4 

77 8 

1 


74 8 1 



Methionine 

14 1- 

" 

8 

14 1- 

1 8 

1 i 

0 5- 1 

1 2 

3 i 

4 7- , 

24 

6 


13 5 

' ±2 

9 

! 15 0 

1 ±2 

8 

6 3 

1 


60 5 



Phenj lalanine 

I7 5- 

1 16 

4 

llO 3- 

1 23 

3 

3 1- 

8 

4 

14 4- 

35 

2 


1 34 0 

j ±7 

1 

! 45 4 

1 ±" 

9 

16 9 



66 6 

1 


Prolino 

3 7- 

8 

5 

123 1- 

1 42 

8 

18 1- 

34 

3 

65 1- 

SO 

2 


1 14 8 

±2 

9 

1 62 1 

, ±12 

9 

54 4 



89 0 



Threonine 

,12 4- 

24 

4 

14 8- 

1 53 

8 

18 8- 

31 

3 

41 7- 

58 

0 


! 40 5 

±10 

9 

84 4 

' ±19 

5 

53 S 



67 0 



Trj ptophan 

(8 5- 

24 

6 

|11 2 - 

41 

4 

0 6- 

18 

4 

1 3- 

41 

9 


I 56 0 

1±11 

3 

86 1 

±17 

5 

28 3 

1 


71 8 ! 



Tj rosine 

ilO 5- 

1 20 

8 

23 4- 

52 

5 

5 9- 

1 31 

7 

‘25 2- ! 

60 

4 


1 43 9 

1 rhl 

7 

1 100 3 

±18 


1 60 3 



! 75 1 1 



^ aline 

lo- 

' 4 

5 

bi 0- 

1 19 

8 

6 1- 

15 

3 

55 4- I 

1 77 

3 


! 7 5 

' ±2 

2 

1 30 0 

1 ±5 
1 

6 

j 28 2 

1 


' 100 1 

i 



Values are reported for apparent free 03 stme onh , as the i allies for total 
C 3 stine were consist enth lower after acid In drohsi^, ipparcntli became of 
parti il destruction 

V itli rcgird to the other ammo ilhK determined, it n bcliei ed that niO't 
of the ammo acids ire stable under the conditions of our experiments 
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There is nevertheless a possibility that some lacemization may have oc- 
curred m certain cases during hydrolysis m the autoclave Only the opti- 
cally active foims of the amino acids under consideiation aie determined 
the mici obiological methods 

Certain of the amino acids aie excieted mainly in the combined form 
Thus aspaitic acid is piesent to the extent of 99 pei cent in the combined 
form, glutamic acid 90 pei cent, isoleucme 71 per cent, piolme 80 pei cent, 

Tabll II 

Comparison of Average Mici obiological Values of Urinanj Amino Acid Excretion 


Reported as mg per 24 hours 



Normal diet 

Free form from Steele 
el at (IS) 

Total, from Dunn 
elal (14) 

Free form 

Total 

Egg 

Boiled 
soy bean * 

Auto- 
claved 
soj bean 

Normal 

diet 

K ration 

Arginine 

21 3 

23 7 

4 4 

5 1 I 

8 1 

35 6 

41 5 

Aspartic acid 

1 3 

164 5 

0 

0 

0 

190 0 

219 9 

Cystine* 

87 7 


76 2 

68 7 

74 0 



Glutamic acid 

35 8 

351 4 

61 0 

33 2 

49 0 

341 3 

359 1 

Glycine 






463 0 

1277 7 

Histidinef 

188 3 

203 3 

74 6 

73 2 

69 3 

188 5 

251 6 

Isoleucme 

5 9 

20 3 

5 0 

4 5 

4 5 

19 3 

19 5 

Leucine 

9 6 

21 2 

0 

0 

13 0 

31 2 

39 1 

Lysine 

33 6 

73 2 

1 5 

3 0 

1 5 

S3 1 

75 7 

Methionine 

7 8 

8 6 

2 4 

2 5 

4 3 

11 9 

22 0 

Phenylalanine 

16 4 

23 3 

4 9 

7 1 

3 2 

32 6 

31 8 

Proline 

8 5 

42 8 

7 0 

7 0 

15 0 



Serine 



27 0 

21 3 

26 5 



Threonine 

24 4 

53 8 

24 9 

19 7 

22 0 

57 8 

65 9 

Tr 3 'ptophant 

24 6 

41 4 

7 5 

7 5 

8 4 



Tyrosine 

20 8 

52 5 

16 5 

11 0 

14 2 



Valine 

4 5 

19 8 

7 3 

4 1 

9 2 

2 9 

36 6 


* 100 mg on normal diet, C and K ration (16) 

f 250 mg on C i ation, 200 mg on K ration, nnd 175 mg on normal diet (16) 
t 12 to 30 mg on normal diet (17), 6 9 mg on egg or soy bean (18), 20 mg on C 
ration and normal diet, 40 mg on K ration (16) 

and valine 77 pei cent Steele cl al (15) also have lepoited that aspartic 
acid exists m human mine almost entiiel}'^ m a bound form High values 
weie found for total glutamic acid, aspaitic acid, and histidine Inteime- 
diate values foi total lysine, thieomne, tjuosme, piolme, and tryptophan 
were found Values foi total aiginme, isoleucme, leucine, phenylalanine, 
valine, and methionine wcie low 

Although it is possible that many of the combined uimaiy ammo acids 
are present m peptide combination, it also appeal's possible that part of 
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the ammo acids, especially of those found largely m combined form, may 
e\ist m the urme as conjugates 

A companson of our average microbiological values vuth those of other 
investigators is given m Table II Our values for free ammo acid excretion 
are higher in most cases than those reported by Steele et al (15) for subjects 
on a diet contaimng either egg or soy bean as the mam source of protem 
We also found leucine piesent both in the free and combined form Our 
values foi total ammo acids agree quite closelj’’ vuth those of Dunn et al 
(14) except in the case of valine They found lower values than ours on 
their normal diet However, the total valine excreted b3' their subjects on 
Army K ration v as higher than on their normal diet 

SXJMMARX 

The amounts of apparent free and combmed forms of fifteen ammo acids 
have been determined by microbiological methods in 24 hour unnes of five 
normal females and thirteen normal male subjects on their usual dietary 
regime 

All the apparent free ammo acids nere found m most of the urme samples 
except for aspartic acid T\\ o subjects did not excrete any apparent free 
glutamic acid 

Certam of the ammo acids are excreted mamly m the combmed form, 
such as aspartic acid of which 99 per cent is combined, glutamic acid 90 per 
cent, prolme 80 per cent, valine 77 per cent, and isoleucine 71 per cent 

No significant correlation could be estabhshed between ammo acid ex- 
cretions and differences m unne volume, total mtrogen, unc acid, crea- 
timne, or ammoma contents of the unnes examined 
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Dunng recent years, differential centrifugation Fas been employed fairly 
extensively for tbe isolation of cellular components that have been released 
from tissue cells by mechanical disruption of the cell membranes One 
advantage of this procedure is that cell fractions may be obtamed in suffi- 
ciently large amounts to allow extensive biochemical study On the other 
hand, the possibility that aitifacts may be produced when the cell mem- 
branes are broken must be seriously considered These artifacts may take 
a variety of forms, mcluding (1) morphological alteration of the mtracellular 
components to such an extent that they are not readily identifiable with 
knoivn cellular inclusions and (2) redistribution of biochemical properties 
as a result either of adsorption phenomena or of the loss of soluble sub- 
stances from particulate matenal Thus, m attempts to characterize bio- 
chemically a cellular component in the isolated state, it is of the utmost 
importance to demonstrate cytologicaliy the mtegnty of the cellular com- 
ponent as well as the degree of homogeneity of the preparation 
By means of the technique of differential centrifugation a “large granule” 
fraction was isolated from rat liver (1) Concomitant biochemical studies 
showed that the respiratory enzyme systems, cytochrome oxidase and suc- 
cmoxidase, were concentrated to a pronounced extent in this fraction (2, 3), 
a findmg that made it imperative to identify cytologicaliy the cellular com- 
ponent or components under studj*^ In the latter respect, it was suggested 
that the large granule fraction consisted mainly of mitochondna masmuch 
as the size of the granules corresponded closely to tbe size of mitochondria 
Mitlun the cell (1, 3) It was realized, however, that this endence was not 
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conclusive pi oof for the hypothesis that the gianules weie mitochondria, 
since the isolated granules did not possess two of the most important proper- 
ties shown by the mitochondiia of the hepatic cell, namely a predommantly 
rod-hke shape and the ability to stain vitally with Janus gieen B 

As desciibed m a piehminaiy lepoit, the isolation of livei mitochondria 
that satisfied cytological ciiteria of integrity was accomplished by the use of 
hypertonic suciose solutions (4) instead of the media (water and isotonic 
saline) that had been used in pievious woik (1-3) The piesent repoit in- 
cludes a detailed desciiption of the method of isolation of intact liver mito- 
chondiia and of some of the cytological, enzjonatic, and chemical pioperties 
of these cellulai elements A desciiption of cei tain piopeities of submicro- 
scopic particles isolated fiom the cytoplasm of the liver cell is also included 

EXPERIMENTAL 

Cytological Studies of Rat Liver Homogenates Prepared in Different Media 

Effect of Watei and Isotonic Saline — In pievious evpenments (1-3), the 
centrifugal fractionation of liver involved the use eithei of water or of 0 85 
per cent NaCl solution The lai ge gi anules fi eed by disi uption of the liver 
cell in these two media were practically all spherical in shape In isotonic 
saline, the gianules appealed as lefractive bodies 0 5 to 2 /i m diameter 
(Fig 1), whereas in watei they were much larger and paler (Fig 2) In 
neither medium did they stain vitally wnth Janus gi een B It v as therefore 
immediately appaient that the large gianule fi action isolated from saline or 
water homogenates of hvei did not contain moiphologically intact mito- 
chondria and that the relative piopoition of mitochondiial mateiial piesent 
in the fraction could not be determined by cytological techniques 

An additional disadvantage in the use of salme lay m the fact that many 
of the large granules were seen to be agglutmated m small clumps, while 
many othei s wei e fii mly attached to fi ee nuclei If the salme homogenates 
weie allowed to stand at 0°, the extent of agglutmation became pio- 
giessively moie pionounced A number of experiments mdicated that 
agglutination of laige gianules also occuried m the presence of other electio- 
lytes, including KCl, K2SO4, and phosphate buffers, and mteifeied to a con- 
sideiable degree m the centiifugal fractionation of liver homogenates ^ Ag- 
glutmation was not observed, however, m water homogenates 

'When all the free nuclei ncre removed from saline homogenates of rat liver by 
means of low speed centrifugation, an irregular and usually great proportion (40 to 
SO per cent) of the large granules, as shown by succinoxidase determinations, was 
found in the nuclear sediment attempts to improve the yield of large granules by 
resuspension and lesedimentation of the nuclei were not successful, probably because 
of the tendency of the granules to agglutinate in the presence of salt These experi- 
ments confirm and offer an explanation for observations previously reported (2) 
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Effect of Sohdiom of Sucrose — ^Althougli on cytological grounds neither 
isotonic saline nor rsater was a satisfactory medium for the isolation of 
intact nutochondna, both the above, observations and experiments previ- 
ously reported (1, 3) mdicated that large granules were better preserved 
morphologically in isotonic solutions than m water, the latter medium hav- 
mg caused visible swelhng of the granules The agglut nation caused by 
NaCl and other electiolytes at the isotomc le\ el, howe% er, resulted m a 
prohibits e loss when attempts were made to isolate large granules free from 
nuclei A search was therefore mstituted for an isotomc medium that 
would not cause agglutmation 

It was found mitially that large granules m liver homogenates prepared 
in approximately isotonic solutions (0 25 m) of the non-electrolyte, sucrose, 
were not agglutinated and were roughly the same size as the correspondmg 
elements seen m isotomc salme homogenates (Fig 3) Preliminary cen- 
trifugation experiments with 0 25 m sucrose as the medium showed that it 
was possible to eflfect separation of nuclei and large granules without diffi- 
culty, the latter havmg been obtamed m excellent yield 
In subsequent microscopic studies of rat liver homogenates prepared m 
sucrose solutions, it was noted that many of the free “large granules" were 
distmctly elongated m shape when the liver cells were disrupted m a hyper- 
tome sucrose solution (0 5 m) A senes of homogenates was then prepared 
m mcreasmg concentrations of sucrose It was evident that the number of 
rod-hke forms was roughly proportional to the concentration of sucrose 
until an optimum concentration of 0 8 to 1 0 M was attamed A sucrose 
concentration of 0 88 Ji was chosen for further cytological studies and for 
experiments m centrifugal fractionation 
hlicroscopic exammation of homogenates of rat liver prepared m 0 88 m 
sucrose (Fig 4) revealed an enormous number of refractive bodies of rela- 
tively uniform diameter (approximately 0 3 to 0 5 ;i) There was consider- 
able variation m the length of the bodies, 50 to 75'per cent of them bemg 
1 to 5 M lu length and the remamder bemg either slightly elongated or 
granular They were readily stamed when a solution of Janus green B m 
0 88 M sucrose (dye concentration 1 10,000 to 1 20,000) was mtroduced 
imder the cover-shp The staiumg reaction was famtei but perceptible 
when a dye concentration of 1 40,000 was used They were not stamed 
vitally by neutral red On the basis of the morphological and staimng 
characteristics, it was concluded that the bodies were intact mitochondria 
Occasional unbroken li\er cells m 0 88 m sucrose homogenates were 
normal in appearance and remamed so for several hours The mtracellular 
mitochondria were predommantly rod-hke and filamentous and closely re- 
sembled the corresponding elements in the free state (Figs 6, 7) The 
normal aspect of unbroken Iner cells m this h 3 qDertonic medium was m 
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sharp contrast, however, to the appeal ance of hvei cells suspended in iso- 
tonic media In homogenates piepaied m 0 85 pei cent NaCl solution, for 
example, the intiacellulai mitochondiia veiy quiclcly became swollen and 
spheiical (Fig 8) and within a compaiatively shoit time underwent 
disintegiation 

Fiec nuclei in 0 88 suciosc homogenates iveie piactically stiuctuieless 
in appeal ance and closely lesembled the nuclei of unbioken livei cells 

^^'Iien the 0 88 M suciose homogenates of lat livei iveie fixed by the 
addition of an equal volume of a 4 pei cent aqueous solution of osmium te- 
ti oxide and the mixtuie alloived to stand foi 24 horns at 4°, it wts found 
possible to make smeais that weie suitable foi staining by standard cyto- 
logical techniques It should be pointed out, howevei, that the proceduie 
of fixation and smeaimg caused some of the elongated mitochondiia to be- 
come distoited and others apparently to bieak The smeais (Fig 4) thus 
showed occasional deformed mitochondria and, in general, contained a 
smallei pioportion of long rods than w^as present in the unfixed homog- 
enates The fixed mitochondiia iveie deeply stamed by anilme acid 
fuchsin (Fig 4) accordmg to the Altmann method (5), by hematoxylin, by 
such basic d 3 '’es as safianme and cij’^stal violet, and ivere Giam-positive 
when stained by the Gram technique 

Pielimmary centiifugation experiments showed that the mitochondria 
could be sedimented and washed with 0 88 jAI suciose wuthout appreciable 
moiphological change (Fig 5) The washed mitochondiia retained the 
ability to stain vitally wath Janus green B at dye concentiations as low as 
1 20,000 to 1 40,000 

Procedure for Ceninfugal Fiaclionalton of Rat Livei Homogenates Piepaied 

in 0 88 M Sucrose 

Adult albmo rats Avere used in the present studj’' The animals AA'ere 
given only w^atei for 18 houis before each experiment They were saciificed 
by decapitation The Inmis were iemoA’'ed and foiced tlirough a mashei 
fitted wuth a 1 mm mesh screen that retained the connective tissue frame- 
w^ork and alloAA'ed the parenchymatous part of the organs to be collected as 
a pulp The livei pulp AA’^as immediately placed on ice, and in all subsequent 
steps of the fiactionation the tempeiatuie aaus maintained at 0-5° In 
each experiment, 5 gm of livei pulp were homogenized m an all-glass appa- 
latus (6) m 0 88 m sucrose (Merck, leagent grade), the total volume of the 
homogenate being 50 ml 

Sedimentation of Nuclei, Intact Laver Cells, and Red Blood Cells — Sepa- 
lation of the nuclei, residual imbroken hvei cells, and led blood cells was 
effected by centrifuging 40 ml of the homogenate thiee times foi 10 minutes 
at 600 X graxaty Calibrated tubes of 15 ml capacity Avere used m the 
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honzontal yoke of the International centrifuge In tke first of tke cen- 
trifugations, each 10 ml portion of the homogenate was carefully layered 
over 1 ml of sucrose, thus forming a two-phase system This procedure, 
which was possible because the density of the homogenate was slightly less 
than that of the sucrose solution, resulted m the sedimentation of nuclei 
and whole cells with a erj’’ little loss m volume from the homogenate The 
final yield of mitochondna was improved because these small elements did 
not tend to migrate through the mterface at the low' centrifugal force em- 
ployed The combmed sediments, the first of which was by far the largest, 
w'ere suspended m 0 88 ii sucrose (Fraction N) This fraction contained 
red blood cells, residual mtact hver cells, and free nuclei, most of the latter 
bemg aggregated m clumps of various sizes Relatively few free nuto- 
chondna were seen Only free mitochondria and occasional hpide droplets 
were visible when the supernatant or “liver extract” (Fraction E) was ex- 
anuned m the light microscope 

Isolation of Mitochondria — ^The hver extiact, which con tamed the ele- 
ments denved from the cytoplasm of the hepatic cells, was then centrifuged 
for 20 mmutes at 24,000 X gravity The supernatant (Fraction Si) was 
retamed foi further fractionation The firmly packed, opaque sediment of 
mitochondria was suspended m 35 to 40 ml of 0 88 m sucrose In order to 
efiect purification and to free the prepaiation from the soluble substances 
of the ongmal homogenate, the mitochondna w'ere resedimented at 24,000 
X gavity and resuspended m 0 88 m sucrose The supernatant obtamed 
after resedimentation of the mitochondna (Fraction Wm) was retained foi 
analysis The final suspension of nutochondna (Fraction Mw') was dis- 
tmctly yellow m color and showed pronounced birefrmgence of flow when 
stirred 

The centrifuge^ employed m the isolation of mitochondria was a motor- 
driven, self-balancmg, angle type (mclmation of tubes, 30° fiom the verti- 
cal) that w'as refrigerated and operated in vacuo Lusteroid tubes of 50 ml 
capacity w'ere used m the isolation and resedimentation of mitochondria 
The centrifugal force w'as calculated for the bottom of the tube 

Isolation of Submicroscopic Particulate Ma’enal — ^The supernatant 
(Fraction Si) obtamed aftei sedimentation of the mitochondria was sub- 
mitted to 2 hours centrifugation at 41,000 X graMty, yielding a transparent, 
distinctly reddish pellet The final supernatant (Fraction Sj), w'hich was 
only faintly opalescent, w'as saved for analysis The sedimented material 
was suspended m 0 88 ii sucrose, resedimented by 2 hours centrifugation at 
41,000 X gravitj', and resuspended m the sucrose solution Tlie final sus- 
pension of submicroscopic particles (Fiaction Pw) was opalescent, showed 

* Constructed bj 1 Blum of The Uockcfcllcr Institute lor Medic il He«c irtli 
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birefrmgence of flow on stii i mg, and was optically empty m the light micro- 
scope The supeinatant (Fraction Wp) obtained after lesedimentation of 
the submicioscopic paiticiilate mateiial was also saved for analysis 
Isolation of the submicioscopic pai tides was made with the angle cen- 
tiifuge described above Small lusteioid tubes (15 ml in capacity, inside 
diameter 15 mm ) weie used Fiom a consideration of the centrifugal force 
employed in the isolation of submicioscopic particles, the time of centrifu- 
gation, the viscosity and density of the sucrose solution, and the mside 
diameter of the centrifuge tube (7), it was estimated that most of the pai- 
ticulate material (density assumed to be 1 3) of a diameter of 100 mju or 
greater would be sedimented Recoveiy of material smaller than 100 
mfj. m diametei was probably not effected 

Chemical Methods 

As shown m Table I, the fractions obtamed by differential centrifu- 
gation of lat liver homogenates prepared m 0 88 m sucrose were analyzed 
for total nitiogen, succmoxidase activity, and pentose- and desoxypentose- 
nucleic acid (PNA and DNA) phosphorus Total nitrogen was estimated 
colorimetiically (8) after acid digestion of the samples The determi- 
nation of succmoxidase activity ■was earned out manometrically accordmg 
to the method of Sclmeider and Pottei (9), and the estimation of PNA 
and DNA phosphorus was made accordmg to Schneidei (10) A Beckman 
quartz spectrophotometer (model DU) was used m the colorunetnc de- 
termmations 


Residts of Chemical Studies 

The results of studies of the distribution of nitrogen, nucleic acids, and 
succmoxidase activity m homogenates of rat liver prepared m 0 88 M sucrose 
solutions are summaiized m Table I When the total nitrogen, succmoxi- 
dase activity, and nucleic acid content of the vaiious fractions weie com- 
paied ^vlth the amounts ongmally present m the homogenates (H = E + 
N = N -p Mw -p Wm -p Pw -p 'Wp -p S 2 ), it was evident that m each 
senes of determinations the ovei-all recovery \\as satisfactory 
As shoiMi m Table I, essentially all the DNA was recovered m Fraction 
N, which contamed nuclei, residual unbroken liver cells, and red blood 
cells This findmg demonstrated that the removal of nuclei from the 
homogenate vas complete In one expeiiment the homogenate was 
stiamed thiough five layers of gauze This procedure resulted m the 
removal of more than half of the free nuclei, as shown by a low DNA value 
(Table I) Since microscopic examination of Fraction N revealed the 
piesencc of lelatively feiv free mitochondna, it was concluded that the 
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Dtstrtbulion of Nttrogcn, Succinoxidase, and Nucleic Acids m Rat Liver 
Homogenates Prepared in 0 88 u Sucrose 
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‘In this experiment, the homogenate was filtered through fi\o laiers of gauze 
before fractionation The marked figures are those occurring as extremes as a result 
of this procedure 
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succmoxidase activity of the fraction was largely due to unbioken livei 
cells 

Further consideiation of the data m Table I made it appaient that two 
fractions, the mitochondria (Fraction Mw) and the submicioscopic parti- 
cles (Fraction Pw), were of particulai mteiest fiom a cytochemical stand- 
pomt The former contained a laige pioportion of the succmoxidase 
activity of the oiigmal homogenate but a lelatively small amount of the 
PNA The lattei showed no appreciable succmoxidase activity but m 
terms of nitiogeu content contamed a laige amount of PNA It was also 
evident, on exammation of the PNA P N ratio obtained for Fraction Wm, 


Table II 

Succmoxidase Activity and Pentosenucleic Acid Content of Rat Liver Mitochondria 
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that the mitial sedimentation of the mitochondiia had included submicro" 
scopic pai tides Although a separation of the two components was ob- 
tained on resedrmentation of the mitochondria, it was not possible from 
the data m Table I to determme the degree of separation, and thus to 
establish the PNA content of mitochondria 
Accoidingly, mitochondiia weie isolated fiom lat liver and suspended 
m 0 88 M sucrose accoidmg to the fractionation piocedure desciibed above 
The mitochondiia weie then submitted to thiee cycles of sedimentation 
vnth inteivening resuspension in 0 88 m sucrose solution The origmal 
suspension and a portion of the suspensions of mitochondiia obtamed aftei 
each sedimentation were analyzed for nitrogen, PNA, and succmoxidase 
content The analytical data aie shonm m Table II It can be seen 
that aftei the first sedimentation there was a rise m succmoxidase Qo and 
a fall m the PNA P N ratio, but aftei subsequent sedimentations the 
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values remained constant ivitlim the limits of experimental eiror The 
total succmoxidase activity recoveied m the preparations declmed some- 
what on repeated sedimentation, particularty after the final centrifu- 
gation A consideration of the total nitrogen and nucleic acid phosphonis 
values mdicated, however, that the loss in succinoxidase was due to in- 
complete sedimentation of whole mitochondria Thus when the Qoj*aiid 
micrograms of PNA P to mg of N were calculated by difference for the 
supernatant after the final sedimentation, values of 1900 and 10 4, re- 
spectively, were obtamed These values were sufficiently similar to the 
correspondmg figures chaiacteristic of mitochondria (2190 and approxi- 
mately 13) to mdicate that repeated sedimentation and resuspension did 
not result m appreciable release of soluble, mtrogen-contammg compounds 
from the mitochondria 


DISCUSSION 

Cytological and Biochemical Charactenslics of Isolated Mitochondria 

Integnty of Mitochondria in Isolated State — Cytological studies summa- 
nzed previously (4) and described m some detail m the piesent report 
offer good evidence for the morphological mtegnty of mitochondria ob- 
tained from rat livei homogenates prepared m 0 88 m sucrose In the 
isolated state (Fraction Mw, Table I), the mitochondria had the same, 
usually elongated, sliape possessed by mitochondria both mthm and out- 
side cells m the homogenate and were morphologically similar to those 
seen m sections of liver fixed and stamed by special cytological techniques 
(11, 12) The lather pronounced pleomoi-phism of the isolated elements 
was not suiprismg m view of the fact that pleomorphism is a characteristic 
property of the mitochondria of most tissues, includmg liver Further- 
more, the isolated mitochondria weie stamed vitally by Janus gieen B at 
very low dye concentrations For many years, it has been recognized 
that Janus green B is a specific vital stam for intracellular mito,chondna 
(11, 13) After fixation by appropriate methods, the isolated mitochondna 
also shoved the stammg reactions characteristic of mti acellular mito- 
chondria observed m similarly fixed and stamed sections 
Fmally, it should be noted that the isolated mitochondria sat sfied chemi- 
cal as well as the above morphological criteria of integrity Thus their 
content of nitrogen, succmoxidase, and PNA remained constant on re- 
peated sedimentation and resuspension in 0 88 st sucrose (Table II) 
Homogeneity of Suspensions of Isolated Mitochondria — ^Perhaps the most 
difficult problem arising m the present studies vas the establisliment of 
the degree of homogeneity of the preparations of resedimentcd mitochondri i 
(Fraction jNIv, Table I) According to Claude (1), large granule prcpi- 
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rations isolated from saline extiacts of rat liver consist of a mixture of 
mitochondria and secretory granules Other investigators, mcluding 
Lazarow (14) and Hoerr (15), have stated, however, that the large micro- 
scopic gianules withm the liver cell coriespond to mitochondria and thus 
that prepaiations of large granules isolated from liver consist practically 
exclusively of mitochondria In this respect, it was found that homog- 
enates piepared m 0 88 m sucrose offeied an excellent opportunity both 
foi the demonstiation of secretory granules within the intact liver cell and 
for a determmation of their fate after cell rupture and durmg centrifugal 
fractionation When a fleshly prepared homogenate in 0 88 m sucrose of 
livei from a fasted animal was stamed vitally wuth a solution of neutral 
red (1 5000) in 0 88 m suciose, two types of inti acellular inclusion were 
stained selectively by the dye These mcluded a number of small spherical 
granules {ciica 0 5 to 1 ;u m diametei), most of which were localized at the 
peripheial margin of the cells, and occasional larger droplets (2 to 3 in 
diameter), which lay m the interior of the cells The former were con- 
sidered, on the basis of current cytological criteria, to represent true se- 
cretory granules and probably to contain components of bile, the latter 
weie apparently lipide droplets, composed predommantly of phosphohpide, 
that accumulate in liver cells as a result of fasting The rod-like mtra- 
cellular mitochondria remamed unstamed and greatly outnumbered the 
stained granules 

On examination of the extracellular elements m these homogenates, it 
was noted that the proportion of granules stamed ^vlth neutral red was con- 
siderably less than the piopoition stamed ^vlthm unbroken cells and that 
most of the stamed exti acellular elements corresponded in size to the rela- 
tively large lipide droplets This findmg mdicated that many of the secre- 
tory granules did not exist as formed elements after luptuie of the cell 
membrane Finally, when the prepaiations of isolated and resedmaented 
mitochondiia (Fi action Mw, Table I) aveie stamed vitally vnth neutral red, 
none of the elements m the suspensions took up the dye Further exam- 
ination of the fractions obtained by differential centrifugation of the liver 
homogenates showed that the mateiial capable of stammg with neutral 
led migiated centripetallj’’ during the mitial sedimentation of the mito- 
chondiia It was therefore concluded that the suspensions of lesedimented 
mitochondiia contained no secretoiy gianules of the type demonstrable by 
stammg with neutral red 

The most impoitant evidence attestmg to the absence of a significant 
number of extraneous components of relatively laige size m the prepara- 
tions of isolated mitochondria (Fi action Mu, Table I), and thus to the 
homogeneity of this fi action, was the findmg that all the visible elements 
m the suspensions vere stamed vitally by Janus gieen B and after fixation 
by anilme acid fuchsm (5) 
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Submicroscopic particles constituted another possible source of con- 
tamination that would obviously escape detection on examination of the 
mitochondrial fraction with the light microscope but could, however, be 
detected by other means Thus the average micrograms of PNA P to mg 
of N ratio obtamed for mitochondria sedimented once (Fraction IM, Table 
II) was considerably higher than the correspondmg values for repeatedly 
resedimented mitochondria (Fractions Mwi, Mwj, and Mwa, Table II), m- 
dicatmg that submicroscopic matenal w'as piesent m Fraction M The 
data m Table II clearly mdicated, however, that one rese^dimentation w as 
sufficient to remove the contammatmg submicroscopic matenal 

Prelimmary studies of the preparations of resedimented mitochondria m 
the electron microscope^ also showed that little if any extianeous particulate 
material of small size was present (4) 

Biochemical Characlenslics of Laver Mitochondria — ^It seems reasonably 
certam from a consideration both of the chemical data (Tables I and II) 
and of the cytological observations that the respiratory enzyme system, 
succmoxidase, is associated with imtochondna A large proportion (65 to 
82 per cent) of the succmoxidase activity of the oiigmal homogenates of 
whole liver was recovered m the resedimented mitochondria, a negligible 
amount havmg been present in all other fractions wuth the exception of that 
contammg nuclei and unbroken cells The persistently high recovery of 
the enzyme m the mitochondrial fraction after repeated sedimentation made 
it extremely doubtful that this findmg was simply the result of adsorption, 
particularly m view of the fact that succmoxidase is a complex system con- 
sistmg of several components (16) 

No attempt was made m the experiments reported to obtain a complete 
separation of nuclei and mitochondria through further fractionation of the 
suspension of nuclei and whole cells (Fraction N, Table I) In additional 
experiments, however, it has been possible by means of repeated homo- 
genization and differential centrifugation of this fraction to obtam practi- 
cally complete separation of DNA and succmoxidase activity with excellent 
recoveries of both, all but 1 to 2 per cent of the succmoxidase actn ity hanng 
been separated from the DNA It can therefore be concluded that mito- 
chondria contam all of the succmoxidase activity present m the cjdoplasm 
of the liver cell and probably all of the succmoxidase actmty present m the 
entire cell Although cytochrome oxidase determmations were not carried 
out, it should be mentioned that this system is responsible for the oxygen 
consumption of the succmoxidase system and that the distribution of the 
twn systems m fractions isolated from rat lu er has previously (2, 3) been 
quantitatively identical 

’ The authors are indebted to Dr K R Porter for his aid in the stud> of the frac- 
tions mth the electron microscope 
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It was also possible from the data m Table I to estimate the proportion 
of the total nitiogen and PNA of whole liver accounted foi bj'^ mitochondria 
Thus the amount of mitochondiial nitiogen m Fi actions N and Wm was 
calculated fiom the total succmoxidase activity of these fi actions and the 
succmoxidase Qoi of lesedimented mitochondiia The total PNA due to 
mitochondna was then estimated fiom the miciograms of PNA P to mg of 
N latio characteiistic of mitochondiia (approximately 13, as shmvn by the 
data in Table II) On the basis of these calculations, the mitochondria 
veie found to account foi 34 and 19 pei cent, lespectively, of the nitrogen 
and PNA piesent m the oiiginal homogenate 

The mitochondrion can therefore be considered as a complicated func- 
tional unit possessmg two of the most impoitant respuatoiy enzyme sys- 
tems of the cell and accounting foi appioximately one-third of the nitrogen 
and one-fifth of the PNA of whole hvei The presence of PNA m “large 
gianules” isolated fiom saline extiacts of lathvei was detected qualitatively 
by Claude (1), and quantitative measuiements of the distribution of PNA 
in watei homogenates of livei weie lepoited by Schneider (2) The latter 
results aie in good agreement until those presented in Table I The bio- 
chemical significance of the PNA of mitochondria, paiticulaily its possible 
1 elation to the lespnatory enzymes, is a problem of gieat mteiest In this 
lespect, PNA was found to be present m crude solutions of succmic dehy- 
drogenase piepaied from livei mitochondria accoidmg to a method pre- 
viously leported (17) In attempts to purify the enzyme by (NH4)2S04 
fractionation, only partial sepaiation of the nucleic acid and enzyme was 
effected, a considerable piopoition of the foimei bemg letamed m the 
enzymatically active fraction The question whether succmic dehydro- 
genase and PNA are actually related, howermi, can only be answered uhen 
the enzyme is obtained m a highly purified state It is nevertheless tempt- 
ing to believe that the “insolubility” of succmic dehydrogenase and other 
respiratory enz 5 'mes such as cytochrome oxidase is due to an association 
between the enzymes and highly polymeirzed PNA It should also be 
pomted out that the PNA of mitochondria maj’- account foi the reaction of 
these cellular elements with the Gram stain in view of the demonstration 
that PNA IS responsible for the Gram leaction in bacteria (18) 

It IS probable that the hvei mitochondiion possesses many other enzy- 
matic functions, including the oxidation of n ammo acids (19) and the 
dephosphoiylation of adenosine triphosphate (2) It is certainly evident 
that much further work remains to be done before a complete picture of the 
biochemical nature of the mitochondrion will be established 

< Hogeboom, G H , and Schneider, W C , unpublished experiments 
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Mechanism of Effect of Concentrated Sucrose Solutions 
The mechanism by i\hich a strongly hsTiertonic solution of sucrose is 
capable of preservong the morphological and cytological characteristics 
of mitochondria is not fully understood, although studies to date have 
mdicated that the effect is largely one of tomcity Thus m a senes of 
homogenates the proportion of rod-like forms progressively mcreased with 
increasmg sucrose concentration Conversely, when homogenates pre- 
pared m 0 88 M sucrose were diluted with water to a final sucrose concen- 
tration of 0 25 M (approximately isotonic to red blood cells) and were 
obsen^ed under the microscope, the elongated mitochondria were seen to 
become spherical mthm a few mmutes It should be pomted out, however, 
that the change fiom a rod-like to a spherical shape was apparently accel- 
erated m a thm film on the microscopic slide because the mitochondria 
became spherical at a slower rate as long as they remamed suspended m 
diluted homogenates llTien the homogenates were prepared directly m 
0 25 M sucrose, on the other hand, all the mitochondria were spherical 
withm a few mmutes (Fig 3) The reason for this difference m behavior is 
not understood 

It was also noted that the effect of hypotomc media on mitochondria was 
at least to some extent reversible Thus when an equal volume of 1 76 m 
suciose was added to a water homogenate of rat liver, the large pale spher- 
ical bodies became much smaller and more refractive Shrinkage of the 
large granules on addition of an equal volume of 1 76 m sucrose to isotonic 
salme homogenates was also observed 

The effect of various media on the imtochondna withm mtact liver 
cells was strikmgly similar to the effect on the extracellular mitochondria 
Unbroken liver cells m homogenates prepared m 0 85 per cent NaCl or 0 25 
M sucrose contamed svoUen, spherical mitochondria (Fig 8) In 0 88 m 
sucrose, however, the unbroken cells, despite severe oxygen deprivation, 
retamed a normal appearance for hours when kept at 4° (Figs 6, 7) The 
intracellular mitochondria remamed elongated, and the cells showed no 
visible shrmkage m the hypertonic medium The absence of any Brownian 
movement vuthm the unbroken cells suggested that the cytoplasm had a 
gel-like consistency 

Some additional evidence that the effect of 0 88 m sucrose vas due, at 
least m part, to the osmotic pressure of the solution was obtamed m tests of 
other hjqiertonic media Homogenates prepared m 3 0 per cent NaCl 
solution, for evampje, shoned distmctly elongated extracellular mitochon- 
dria "Ulien these preparations vere allowed to stand, however, the mito- 
chondria soon agglutmated and became granular Maltose, at equimolar 
concentrations, had exactly the same effect as sucrose Homogenates pre- 
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pared in 0 88 m dextrose and mannose were similar to those prepared in 
0 88 M suciose, although the monosacchaiides weie not as effective as the 
disacchaiide m maintaining the morphological stability of mitochondria 
over long periods of tune The tiisacchaiide, melezitose, also showed 
roiiglily the same effect as suciose at equimolar concentration Tlie mito- 
chondiia quicldy became spheiical, however, in homogenates piepaied in 
0 88 M solutions of soibose and the pentose, xylose 

It IS lecognized that factors othei than the osmotic piessure of 0 88 m 
suciose may well play an impoitant role in maintaining the integiity of 
mitochondria and that the necessity for a lelatively high osmotic pressure 
in the medium may i effect moie than simply a contiol of the distribution of 
watei withm and outside the mitochondrial membiane The osmotic pres- 
suie withm the livmg hepatic cell at the mitochondrial membiane, on the 
other hand, is not Icnown and may actually be highei than the blood osmotic 
piessuie In view of the above ffndings, particulaily of the observations of 
mtact livei cells m homogenates prepared m sucrose solutions, the possi- 
bility of existence of the lattei situation should not be dismissed 

Characteristics of Suhmicroscopic Particles 

Although the data in Table I showed that practically all the mitochondria 
except those piesent m unbioken liver cells (Fiaction N) had been obtained 
shaiply in a smgle fiaction (Mw), it was apparent that the submicroscopic 
particles were distributed more widely The micrograms of PNA P to mg 
of N latios for the vaiious fractions indicated that the lattei component of 
the cell was present in Fi actions Wm and Wp as well as in Fraction Pw 
By utilizing microgiams of PNA P to mg of N values of 13, 58, and 15 3 for 
mitochondria, submicioscopic pai tides, and final supeinatant, lespectively, 
it was possible to calculate in teims of nitiogen the total amount of sub- 
micioscopic particles present in the fractions Furthermore, m view of the 
obsei vation that few fiee mitochondria weie piesent in Fiaction N, it could 
be assumed that the relative piopoition of mitochondria and submicro- 
scopic particles in this fraction was the same as in the livei extiact (Fraction 
E) It was thus estimated that the submicioscopic particles contained 
appioximately 20 pei cent of the nitiogen and 50 per cent of the PNA of 
whole liver It should be pointed out, howevei, that these figuies are pre- 
sented only as rough appioximations, smce they aie based on several 
assumptions that may be somewhat in enoi 

It is theiefoie evident that a considerable proportion of the PNA of the 
liver cell occuis in sedimentable material that can be sharply diffeientiated 
from mitochondiia This matenal was smallei in size than mitochondiia, 
contamed much moie nucleic acid in terms of nitiogen content, and showed 
essentially no succinoxidase activity, these properties being qualitatively 
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characteristic of the “microsomes” studied previously (1, 3) The micro- 
grams of PNA P to rag of N values obtained m the analysis of Fraction Pw 
(Table I) showed that approximately 10 per cent of the total nitrogen of the 
submicroscopic particles was PNA nitrogen Of some mterest is the fact 
that this high PNA content falls well withm the range of correspondmg 
figures obtamed for tobacco mosaic (20) and bushy stunt (21) viruses, both 
of which are said to be composed entirely, or almost entirely, of ribose 
nucleoprotein (22) 

Another mteresting property shonm by the opalescent suspensions of 
submicroscopic particles (Fraction Pw, Table I) was birefrmgence of flow 
This phenomenon has not been noted previously m suspensions of micro- 
somes isolated from saline or water homogenates of liver and indicates that 
the particles in 0 88 m sucrose are asymmetrical m shape Prelimmary 
studies with the electron microscope* of the morphological characteristics 
of the elements in this fraction have, m fact, revealed the presence of an 
elongated fibrous component that is similar in structure to the endoplasmic 
matsriaP seen m electron micrographs of cultured cells It is possible that 
this asymmetncal particle may represent the postulated micellar structure 
of protoplasm supposedly responsible for sol-gel changes (14) 

As mentioned previously, the relatively high density and viscosity of 
0 88 M sucrose probably pi evented complete sedunentation of the sub- 
microscopic particles at the centrifugal force employed It was therefore 
not possible to estimate what pioportion of the mtiogen and PNA m the 
final supernatant (Fraction Sj) and thus m the liver cell was due to particles 
of a diameter less than 100 m^i It should also be pomted out that the com- 
position of the preparations of submicroscopic particles (Fraction Pw), in 
respect to the number and relative proportions of different components 
present, is not as yet known Further studies of the fraction, isolated by 
sedimentation at higher centrifugal forces, are planned 

SUMMART 

1 The mitochondria of rat liver cells, when released by homogenization 
into water or isotonic NaCl solution, are altered to such an extent that they 
are not morphologically identifiable When released into strong solutions 
of sucrose (0 8 to 1 0 m), howevei, they show the morphological and stam- 
mg properties characteristic of normal mtracellular mitochondria Cyto- 
logical studies of rat liver homogenates prepared m solutions of sucrose and 
other compounds at seieral concentiations mdicate that the proportion of 
morphologically intact mitochondria, both extracellular and mtracellular, 
mcreases with increasmg concentration of solute and is related to the os- 
motic pressure of the medium Sedimentation of mitochondria from homog- 

‘ Porter, K R , in press 
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enates prepared in 0 88 m sucrose and washing ivitli the same medium does 
not result in any change m then moiphological or staining properties 

2 A procedure for the centrifugal fractionation of lat livei homogenates 
prepared m 0 88 m sucrose is described By this piocedure it is possible to 
obtam mitochondria in suspensions that arc appaiently fiee from othei 
cellular components In the experiments lepoi ted, 65 to 82 pei cent of the 
suGcmoxidase activity of the original homogenate was recoveied in the 
mitochondria, the remamder of the enz 5 Tne activity bemg present in a fi ac- 
tion containing nuclei and unbiolcen liver cells On the basis of cytologicaJ 
observations and additional chemical data, it is concluded that mito- 
chondria contam all of the succmoxidase piesent m the cytoplasm of the 
liver cell and probably all of the succmoxidase present m the entire cell 
It IS further estimated that 34 per cent of the total nitrogen and 19 pei cent 
of the pentosenucleic acid (PNA) of whole livei can be accounted for in 
mitochondria The succmoxidase Qo* (micioliteis of O 2 per hour per mg 
of mtrogen) and the ratio, micrograms of PNA phosphorus to mg of nitro- 
gen, are approximately 2100 and 13, respectively, for mitochondiia These 
values remam constant on repeated sedimentation and resuspension of 
nutochondna in 0 88 m sucrose 

3 Submicroscopic particulate mateiial of a diametei of approximately 
100 m/i or greater was also isolated from 0 88 m suciose homogenates of rat 
liver by means of prolonged centrifugation at high speed Suspensions of 
this mateiial are opalescent, show birefrmgence of flow, and contam no 
succmoxidase activity The PNA content of the submicioscopic particles 
is charactenstically high, the ratio, rmciogiams of PNA phosphonis to mg 
of nitrogen, bemg approximately 58 for tins fraction It is estimated that 
the submicroscopic particles account for appioxumately 20 per cent of the 
total nitrogen and 50 per cent of the PNA of whole liver 
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EXPLANATION OF PLATES 2 AND 3 
Plate 2 

Pig 1 Homogenate of rat liver prepared in 0 85 per cent NaCl solution Fived 
with OsOi, stained with amline acid fuchsin (5) The deeply stained large granules 
(diameter, 0 5 to 2 ;») are generally spherical in shape and tend to be agglutinated m 
small clumps X 1100 

Fig 2 Homogenate of rat liver prepared in water Fi\ed with OsOi , stained with 
1 per cent aqueous solution of crystal violet The large granules are swollen (di- 
ameter, 1 to 5 m) and rather faintly stained but are not agglutinated The granules 
in water homogenates do not stain with aniline acid fuchsin X 1100 

Fig 3 Homogenate of rat hver prepared m 0 25 m sucrose Fived with OsOi, 
stained with amline acid fuchsin (5) The large granules are approximately the same 
size as those in Fig 1 but are not agglutinated X 1100 

Fig 4 Homogenate of rat liver prepared in 0 88 ii sucrose Fixed with OsOt, 
stained with aniline acid fuchsin (5) Most of the large granules of Figs 1 to 3 are 
distinctly elongated in shape and correspond morphologically to normal mitochon- 
dria X 1100 


Plate 3 

Fig 5 Mitochondria isolated by differential centrifugation from 0 88 M sucrose 
homogenate of rat liver (Fraction Mw, Table I) Fixed with OsO<, stained with 1 
per cent aqueous solution of safranine The nutochondria haie retained their elon- 
gated shape after isolation and resedimentation X 1100 

Figs 6 and 7 Unbroken liver cells in homogenate prepared in 0 88 m sucrose The 
cells in Fig 6 are unfixed and unstained, those in Fig 7 have been fixed with OsO* 
The cells are normal in appearance , the intracellular mitochondna are predominantly 
rods and filaments (c/ Fig 8) X 1100 

Fig 8 Unbroken liver cells in homogenate prepared in 0 85 per cent NaCl solu 
tion The cells are unfixed and unstained The intracellular mitochondna are sn ol- 
len and generally sphencal in shape This homogenate was prepared from the same 
hver as the homogenate shown in Figs 6 and 7 X 1100 
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ARE PHOSPHOLIPIDES OBLIGATORY PARTICIPANTS IN 
FAT TRANSPORT ACROSS THE INTESTINAL WALL?* 

Bt D B ZILVERSMIT, I L CHAIKOFF, and C ENTENIVIAN 

(From the Dniston of Physiology, University of California Medical 
School, Berkeley) 

(Received for publication, August 12, 1947) 

It IS still a disputed question whether phosphohpides are instrumental m 
carrymg fats across the mtestmal wall By means of labehng agents it 
has been amply demonstrated that the small mtestme is among the most 
active of tissues concerned with phospholipide metabohsm Studies with 
P’^ m particular leave no doubt that not only durmg fat absorption is phos- 
phate rapidly mcorporated mto phospholipide by the small mtestme but 
phospholipide molecules likewise are contmually renewed durmg the fasted 
state (1) The findmg, therefore, that labeled fats durmg their absorption 
are mcorporated mto phospholipide molecules need not be mterpreted as 
demonstratmg that phosphoUpide formation is an essential step m fat 
transport It is to be expected that whatevei fatty acids are present m the 
mtestmal wall will be draivn upon to furnish the buildmg blocks foi the 
phospholipide molecules Indeed, the fact that durmg fat absorption the 
labeled fat is present m such large amounts would make them expected 
participants m phospholipide renewal (2-4) 

In the present study, radioactive phosphorus has been employed to com- 
pare the rates at which phosphohpides are turned over m the small mtestme 
of the fasted and fat-fed animal 

On Use of Relative Specific Activity of Phospholipide Phosphorus As Measure 
of Phospholipide Turnover 

It has been pointed out m a previous pubhcation (5) that after the 
injection of radioactive phosphate mto an animal a measuie of the turnover 
rate of a compound m a tissue can be obtained from the “specific actinty- 
time” relations of that compound and its immediate precursor This 
procedure provides a method for determmmg the absolute rate at vhich the 
compoimd is synthesized and broken dowm, i c turned over The use of 
this procedure is limited, smee the immediate precursor is known for very 
few compounds and this is particularly true of the phospholipide molecule 

* The research ^hich this paper reports was undertaken in cooperation with the 
Coniiiiittee on Food Research of the Quartermaster Food and Container Institute 
of the Armed Forces The views or conclusions contained in this report arc those 
of the authors Thej are not to bo construed as neecssanlj reflecting the wews or 
endorsement of the War Department 
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If the precursor is not Icnown, the use of specific activity (phospho- 
hpide P^2)/(phosphohpide m the measurement of turnover presents 
considerable difficulties because specific activity is influenced by many 
factors, some of which are difiicult to contiol experimentally For practical 
purposes these factors may be grouped according to whether they influence 
the numerator or denommatoi of the expiession for specific activity 
Aviount of Phosphohpide P®' — The specific activity of the phosphohpide 
fraction vanes mversely with the amount of chemical phosphohpide present 
in the tissue, since the latter is the denominator of the expiession for specific 
activity 

Amount of Phosphohpide P ^- — The numeiatoi of the expression for 
specific activity of phosphohpide will depend upon (o) the rate of appear- 
ance and disappearance of phosphohpide molecules and (6) the amount of 
available for the foimation of phosphohpide at the site of synthesis 
The manner in which these factors influence the specific activity of phos- 
phohpide can be biiefly stated as follows 
It has been lepeatedly shown that the phosphohpide content ^of the small 
intestine does not increase during fat absoiption (6, 7) This has been 
confirmed in the present mvestigation (see Tables I to V) Hence, smce 
we are interested in comparing the turnover lates of phosphohpide of the 
small mtestine m these two nutritional states, the amount of phosphohpide 
desciibed above plays no pait 

It IS assumed that in the postabsorptive state the rate of synthesis equals 
the rate of bieakdown of phospholipides in the small intestine Since, as 
already noted above, no change in the phosphohpide content of this tissue 
occuis after fat feeding, it may be concluded that the rate of appearance of 
the phosphohpide in the fat-fed animal equals its rate of disappearance, 
presumably a steady state exists It should not be mferred, however, that 
the turnover rates of phospholipides are the same in the fat-fed and in the 
fasted animals 

Theie is one more factor ivhicli mfluences the specific activity of phos- 
phohpide in the two states under consideration , namely, the specific activity 
of the P®- available for phosphohpide sjmthesis It is safe to assume that 
vaiious phosphorus-containing compounds constitute a pool of P^^ mside 
the cell available for phosphohpide synthesis The concentration of P^^ 
m this pool wll depend on such variable elements as permeability of the 
cell to P^-, rate of absorption of P®- from the site of injection, differences m 
body weight, and the relative avidity of the tissues for P®" 

In attemptmg to obtain a measure of the specific activity of the available 
pool, Hevesy and Hahn (8) first used the specific activity of intracellular 
inorganic phosphate (total minus extracellular) More recently Hevesy 
suggested the use of the labile phosphorus of adenosine triphosphate as 
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equivalent to intracellular inorganic phosphorus, since the latter is m rapid 
equilibrium mth the former * Hevesy used the ratio of the specific activity 
of phosphohpide phosphorus to specific actmty of morgamc phosphorus as 
a measure of turnover This ratio he called relative specific activity (9) 

Undoubtedly morgamc phosphate or labile phosphates provide an accu- 
rate mde\ of the available pool, but because of the difficulty of measurmg 
the mtracellular phosphate the use of acid-soluble phosphorus for this 
purpose seemed entirely adequate Hence, m this mvestigation the ratio 
of the specific activity of phosphohpide phosphorus to the specific activity 
of total acid-soluile phosphorus m the same tissue was used as the relative 
specific activity of phosphohpide phosphorus 

It can be shonm experimentally that, as an mdex of turnover, the use of 
relative specific activities mstead of specific activities overcomes to a great 
extent the variability from animal to animal (see variability m specific 
activities in Table III) The reason for this is obvious m view of the nu- 
merous factors which affect the availabihty of P®* for phosphohpide syn- 
thesis As has been pomted out, all these factors influence the specific 
activity of the phospholipides m the same way as they influence the specific 
actmty of the phosphorus available for phosphohpide synthesis But the 
relative specific activity, being the ratio of the two, is not affected by these 
variables 

^^^len the difference between the P’- in the available pool and the P” 
present m phosphohpide is greatest, a small mcrease m phosphohpide turn- 
over IS reflected by a large change m the relative specific activity This 
condition prevails quite early, long before the specific activity of phospho- 
hpide phosphorus reaches a maximum The mtervals at which turnover 
rates are compared below were selected m conformity with this consider- 
ation 


EXPERIMENTAD 

Methods 

Fat absorption as measured here represents the difference between the 
amount admmistered and the amount that remamed m the small mtestine 
at the end of the period of observation The unabsorbed fat was washed 
out of the small mtestme with acetone or ether and determmed by the oxi- 
dative technique (10) The isolation and determination of radioactne 
phosphohpide have been described elsevhere (11) Acid-soluble phos- 
phorus of tissues was obtamed as follows The tissue vas homogenized in 
10 per cent trichloroacetic acid and centrifuged An ahquot of the super- 
natant was mounted on a blotter for determmation of P^-, whereas the total 
phosphorus was determmed on a different ahquot b> Kmg’s method (12) 

' Hevesy, G , personal conunumcation 
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Lifidc Phosphorylalton in Small Inieshnc of Dog 

Phosphohpide Formation in Difjcienl Pails of Small Intestine in Fasted 
Dog — Si\ dogs, fasted foi 24 houis, weie injected inti avenously with radio- 
actiie phosphate 6 hours later, the entue gastiomtestinal tiact nas 
excised immediately aftei the animals had been anesthetized by an intra- 
caidiac injection of nembutal, and samples neie taken as follons The 

Tabli I 


Phosphohpide Foimuhon by Mucosa of Duodcmm, Icjuuum, and Ileum in Pasted 

and Fat-Fed Dog 

Tissues ucic excised G liouis after had been injected intiaxenously 


Dot 

Phosphohpide P*i 
per Kin dry 
Height 

Specific activity of 
phosphohpide P* 

Specific actnity of 
acid soluble P* 

Relative specific 
activ itj t 
















Treatment 



p 


Ml 










Ko 

Weiglit 

P 

J C 

A oj 
P'0 

fi 

1 ^ 

P o 

B 

p 

ej 

J-H 


Jeju 

num 

Ileum 


Jeju 

num 

Ileum 

Duo- 

denum 

Jeju- 

num 

Ileum 



ke 

ins 

ms 

mg 

X J0-> 

X JO-^ 

X 



X io-> 





] 

7 0 

4 70 



8 52 

8 72 








Pasted 

2 

7 6 

4 85 

4 31 

4 56 

14 3 

10 7 


wm 

33 8 

29 3 


0 32 



3 

8 1 



4 57 

16 4 

18 1 


mi 

44 0 

39 5 

0 33 




4 

5 7 

5 67 


5 68 

13 2 

11 8 


18 9 

15 1 

26 7 

0 70 

0 78 

0 64 


5 

6 2 

6 45 

5 46 

Egg 

w 

15 3 

15 2 

37 6 

32 4 

27 4 


OS 

0 55 


6 

10 2 



5 05 


10 1 

8 75 

24 6 

26 4 

21 4 

0 33 

0 38 



Average 



12 8 

12 5 

12 8 




0 43 

0 47 

0 46 


7 

7 9 

4 50 

4 40 

4 20 

13 4 

12 9 

13 3 







Cream- 

8 

6 5 

4 60 

4 90 

4 20 

12 3 

13 8 

13 0 

42 0 

39 0 


0 29 

0 35 


fed 

9 

11 6 

4 63 

4 79 

4 05 

6 88 

7 04 

5 69 

21 3 

19 4 

IS 8 

0 32 

0 36 

0 30 


10 

7 1 

6 05 

6 10 

5 07 

16 2 

14 6 

11 6 

32 7 

27 4 

24 4 

0 50 

0 53 

0 48 


11 

7 0 

6 40 

6 28 

4 91 

11 0 

11 1 

10 4 

IS 8 

17 4 

22 6 

0 59 

0 64 

0 4b 


Avei igc 

12 0 

11 9 

10 8 




0 43 

0 17 

0 41 



* The fajicofic ai livit j is exptessed hs the pei i cut of the administered P^- per mg 
of pliospliorus 

t Relative specific activitj is the ratio of specific activitj of jihospholipide P to 
that of acid-solublc P 

poition betneen the pyloius and the duodenal mesentciy was taken as 
duodenum The next 15 inches of intestine iicie discaided, but the follow- 
ing 12 inches weic taken as lepieseiitative of the jejunum The 15 niches 
of intestine above the cecum vere used as ileum The pliospholipide con- 
tent of the mucosa of these tliiee intestinal segments, the specific activities, 
and the relative specific activities of then phosphohpide phosphoius aie 
recorded in Table I (Dogs 1 to G). 
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Table I shows that the phosphobpide contents of the mucosa of duo- 
denum, jejunum, and ileum aie similar Moreover, their relative specific 
ictmties are the same, the average values obtained were 0 43, 0 47, and 
0 46 This means that the lates of turnover of phosphohpide in these 
three parts of the small mtestine are the same 
Phosphohpide Formatwn in Different Paris of Small Intestine in Fat-Fed 
Dog — ^The second group of dogs (Dogs 7 to 11, Table I) was treated as 
above, except that they received 50 cc of cream by stomach tube half an 
hour before the mtravenous admmistration of radioactive phosphate 
There can be no doubt that m the fat-fed dog, as m the case of the fasted 
ammal, the phosphohpide turnover m different parts of the mucosa of the 
small mtestme is the same 

A comparison of the relative specific activ ities for the fasted and fat-fed 
dogs shown m Table I suggests that the passage of fat through the intestmal 
wall does not alter the rate of phosphohpide turnover in any portion of the 
small mtestine's mucosa The variability of the values from dog to dog, 
however, precludes a definite conclusion as to whether phosphohpides are 
obligatory steps in fat transport across the gut wall, and for this reason 
evidence was sought by another approach 
Separation by Ligature of Single Small Intestine into Fai-Absorhing Area 
and Control or Fasted Area — ^The dogs m Table II were subjected to a 24 
hour fast Under local anesthesia (procaine) a small abdommal mid-hne 
incision v\ as made and a hgature placed around the portion of small intes- 
tme immediately below the incision In this way the lumen of the small 
mtestme was divided The entire procedure v as carried out with a mmi- 
mum of trauma and with no interference of blood supply to either portion 
of the gut Fat was then usually injected into the duodenal side of the 
ligated mtestme Thus the duodenal side of the small mtestme v as made 
to absorb fat, whereas the ileal side remamed in the fasted state UTiite 
lacteals were usually found on the duodenal side right up to the hgature, 
whereas the ileal side was devoid of any wlute ones In some dogs the 
unabsorbed fat was washed out of the mtestme with acetone and ether 
before its mucosa w'as remov ed for analysis 
In Table II are piesented (1) the specific actmties of phosphohpide 
phosphorus, (2) the specific activities of acid-soluble phosphorus, and (3) 
relative specific activities, i c the ratio of 1 2 All dogs were sacrificed 5 
to 6 houis after the mtroduction of fat into the lumen of the mtestine, but 
at various intervals after the adnunistration of the Thus P” was 
admmisteied at various interv als during the 6 hour period of fat absorption 
In most of the dogs the actual amount of fat absorbed was measured 
In the remainder the presence of white lacteals from the pj lone sphincter 
up to the site of ligation was taken as cvndence of active absorption 
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Table II 

Phospholiptdc Fortnahon by Mucosa of Fat-Absorbing and Fasted Portions of Dog 

Small Intestine 


Dog 

Sacn 
ficed 
after P> 
injec 
lion* * * § 

Jlilky lactealst 

Fat admimstercdt 

Fat 

ab- 

sorbed 

Specific activity 
of phosiiliolipide 

P§ 

Specific activ 
ity of acid 
soluble rS 

Relative spe- 
cific activity!! 

No 

'4^ 

V 

Duo- 

denal 

side 

Ileal 

side 

Duo- 

denal 

side 

Ileal 

side 

Duo- 

denal 

side 

Ileal 

side 


kg 

hrs 


gm 

gm 

X fo-> 

X lO-s 

X 

X /0-’ 



1 

9 0 

5 5 


50 cc cream, 


4 61 

4 53 

20 8 


0 22 






stomach tube 








2 

8 7 

5 5 


Same 


6 87 

6 57 

27 5 

23 4 

m 

0 28 

3 

10 9 

6 


50 cc cream, duo- 


31 2 

32 2 

81 6 


m 

0 33 





denal side 








4 

1 ^ 

6 


Same 


30 5 

35 4 


75 4 

9 41 

0 47 

5 


5 


8 5 gm corn oil, 

0 

10 7 

9 50 

28 6 

26 6 

3 37 

0 3C 





duodenal side 








6 

9 1 

5 

+ 

Same 

8 3 

16 0 

11 7 


25 5 


0 4G 

7 

14 1 

6 

4- 

ft 

5 1 

5 21 

4 27 

13 4 

14 4 



8 

8 7 

5 

+ 

t( 

8 4 

7 69 

7 06 



0 24 

0 24 

9 

11 0 

5 25 

B 

8 5 gm corn oil, 


6 29 

7 52 

17 1 

20 2 

0 37 

0 37 




■ 

ileal side 








10 

14 6 

5 25 

B 

8 5 gm corn oil, 

3 1 

8 44 

6 83 

27 6 



0 22 




B 

duodenal side 








11 

7 3 

5 

B 

9 gm corn oil fatty 

1 

13 1 

8 96 

34 8 

25 6 


0 35 




B 

acids, ileal side 








12 

6 5 

5 

B 

9 gm corn oil fatty 

5 1 

11 7 

10 1 




0 36 





acids, duodenal 




• 








side 








13 

9 G 

5 

+ 

Same 

8 7 

10 8 

8 50 

36 8 



m 

14 

13 7 

3 

+ 

8 5 gm corn oil, 

5 3 

7 43 

3 64 

22 4 

23 2 

1^ 

ii 





duodenal side 








15 

11 6 

3 

+ 

Same 

7 2 

6 84 

7 38 

25 2 

26 6 

0 27 

0 28 

16 

16 1 

3 

+ 



4 18 

4 81 

21 1 




17 

12 2 

1 

+ 

ti 

1 7 

4 96 

3 29 



0 18 

0 11 

18 

15 2 

1 

+ 

(1 

1 2 

2 82 

4 80 

35 2 

35 7 



19 

11 2 


+ 

(i 

4 9 

1 39 

1 21 

29 6 


mm 


msl 

9 S 

mm 

+ 

(( 

8 0 

0 582 

0 988 

10 7 

IS 6 



21 

12 7 

0 25 

+ 


8 2 

0 379 

1 79 



iliwa 


* The P« was injected intravenously All dogs were sacrificed 5 to 6 hours after 
fat administration 

t Lacteals were white (+) or not w'hite (— ) m the duodenum at the end of the 
experiment 

t All fat was injected into the duodenal side of the ligated intestine unless other- 
wise indicated 

§ The specific activity is expressed as the per cent of the administered P” per mg 
of phosphorus 

II Relative specific activity is the ratio of specific activity of phospholipido P to 
that of acid-soluble P 
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That ligation as carried out m this experiment does not interfere with 
phospholipide formation is emdenced by a comparison of the values for the 
relative specific activities of either portion of the ligated small intestine 
with those of the unligated small intestine at the 6 hour interval after 
the injection of the (see Table I) 

The results shown in Table II leave no doubt that the absorption of 
cream (an emulsified fat) or the absorption of com oil or 'of its fatty acids 
does not increase the relative specific activity of the small intestine This 
means that fat absorption m the dog is not accompamed by a sigmficant 
increase m the rate of phospholipide formation by the small intestine 
Schmidt-Nielsen (7) has pointed out that phosphorylation of fat may be 
limited to the epithelial cells of the mucosa Since these cells constitute 
but a small fraction of the entire mucosa, he argued that the mcrease m 
phospholipide formation induced m these cells by fat absorption would not 
be detectable when whole mucosa is analyzed For this reason, m several 
dogs care was taken to remove the villi (as proved by subsequent histo- 
logical exammation) of the duodenal and ileal sides of the ligated small 
mtestme Here again no differences were observed m their relative specific 
activities when fat absorption was alloned to proceed m the duodenal side 
It is therefore questionable whether, even in the epithelial cells, lipide 
phosphorylation is increased durmg fat absorption 

Lipide Phosphorylation in Small Intestine of Rat 
Com Oil — ^The first experiment was carried out on five groups of rats 
that had been fasted for 24 hours All rats of each group were injected 
either subcutaneously or mtramuscularly with radioactive phosphate, 
whereas only half of them were fed corn oil by stomach tube The animals 
were sacrificed at various intervals from 0 25 to 9 hours after the admmis- 
tration of White intestinal lymphatics, evidence of fat absorption, 
were observed m all rats at the time they were sacrificed In these animals 
the entire small mtestme was used for determinations of phosphohpide and 
acid-soluble phosphorus 

This experiment was designed to make possible a companson of lipide 
phosphorylation m the small mtestme of each fat-fed rat with its own con- 
trol Such comparisons are shown m each horizontal line of Table III 
The results obtamed m this first experiment with the whole small mtestme 
of the rat are m good agreement with those obtamed mth the mucosa of 
the dog It should be pointed out, however, that prenous m\ estigations 
with P ’2 have led to quite contrary conclusions Thus Schmid t-Nielsen 
(7), who used oleic acid and peanut oil, and Fries el al (13), who used olive 
oil, observed a stimulation of phospholipide formation as measured with 
P” Hence in the next two experiments (Tables III and IIQ a vanetj of 
oils was tested 



Table III 

Phosphoh'pide Formation by II hole Small Intestine of Fasted and Fat-Fed Rats 
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PHOSPHOLIPIDE TRANSPOET IN INTESTINE 


Comparison of Vanons Otis — ^The ic&ults obtamed with peanut oil (Table 
III) are equally conclusive in failing to show a stimulation of lipide phos- 
phoiylation durmg fat absoiption. 

In the next expeiiment (Table IV), lesults obtained with cod liver oil, 
peanut oil, and coin oil weie compaied with those fiom a single control 

TABin IV 


Coinparahvc Effects of Corn Oil, Peanut Oil, and Cod Liicr Oil on Phospholipids 
Formation of Whole Small Intestine of Rat 


Treatment 

After fat 

admmis 

tration* 

After P«» 
adminis- 
tration 

Rat 

weight 

Phospho- 
lipidc Pn 
pergm dry 
weightt 

Specific 
activity ol 
phospho- 
lipide Pf 

Specific 
actiiity ol 
acid solu- 
ble P 

Relative 

specific 

activityt 


Jirs 

Ur 


Pig 




Corn oil, 2 1 gm 

5 

1 


4 35 

0 0870 

0 771 



S 

1 


4 42 

0 148 

1 39 



5 

1 

170 

4 95 

0 141 

0 989 

0 14 


6 

1 

166 

4 33 

0 244 

1 37 

0 18 


5 

1 

163 

4 38 

0 181 

1 28 

0 14 

Peanut oil, 2 1 gm 

5 

1 

218 

4 65 

0 0768 

0 760 

0 10 


5 

1 

167 

4 23 

0 104 

0 751 

0 14 


5 

1 

166 

4 71 

0 184 

1 23 

0 16 


5 

1 

155 

4 51 

0 126 

1 12 

0 11 


5 

1 

146 

4 95 

0 0998 

1 03 

0 10 

Cod liver oil, 2 1 gm 

6 

1 

190 

4 93 

0 205 

0 972 

0 21 


6 

1 

184 

4 49 

0 203 

1 15 

0 IS 


6 

1 

166 

4 65 

0 144 

0 985 

0 15 


5 

1 

156 

4 42 

0 188 

1 29 

0 15 

Controls, no fat 


1 

192 

3 75 

0 0701 

0 785 

0 089 



1 

185 

4 00 

0 0525 

0 958 

0 055 



1 

168 

3 97 

0 0854 

1 13 

0 076 



1 

162 

4 03 

0 0850 

1 02 

0 083 



1 

134 

2 82 

0 114 

1 15 

0 099 


* Lacteals appeared white at the time of sacrifice 

t The specific activity is cvpressed as the per cent of the administered P” per mg 
of phosphorus 

X Relative specific activity is the ratio of specific activity of phospholipide P to 
that of acid-soluble P 

group The animals weie sacrificed 5 hours after the introduction of the 
fat into the gasti ointestinal tract and 1 hour after admmistration 
Interestingly enough, a suggestive indication of an increase in lipide phos- 
phoiylation was observed for all three fats But the increase observed in 
this experiment is too little to account for passage of the absozbed fat by 
way of phospholipide mtermediates It should be noted that the pi ocedure 
used m this experiment was identical with that employed by Schmidt- 
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Nielsen (7), wlio under these conditions observed a 4-fold increase in the 
specific activities of phospholipide phosphorus m the small mtestme of the 
rat ahsorbmg peanut oil 

Effect of Age — ^The results shoivn m Table V offer no evidence that young 
rats weighmg from 80 to 122 gm differ in their response to mgested fat from 
older rats 

As noted above, the results obtamed m the piesent investigation differ 
from those obtamed by other mvestigators in the effect of fat absorption 

Table V 

Effect of Age on Phospholipide Formation of Whole Small Intestine of Fasted and 

Fat-Fed Bats 

All rats w ere sacnficed 5 hours after fat feeding and 1 hour after P“ administration 


Weight 

range 

Phospholipide per 

gm dry weight 

Specific activ ity of phos> 
pholipidc P* 

Specific activity of acid 
soluble P* 

Relative specific 
activityt 

Con 

trols 

Com 

oil 

Cod 

liver 

oil 

Con- 

trols 

Com oil 

Cod 
liver oil 

Con 

trols 

Com oil 

Cod 

liver oil 

Con 

trols 

Com 

oil 

Cod 

liver 

sm 

mg 

ms 

ms 












4 74 

4 80 

0 0893 



1 11 

1 62 

2 10 


li■R^ 





4 42 






0 158 



0 12 

112-122 

2 79 

4 63 

4 25 


0 200 

0 163 

0 857 

1 08 

1 65 

0 11 

0 19 

0 10 


4 24 

4 75 

4 45 

Xs!: 

0 121 

0 151 

0 527 


1 23 

0 13 

0 13 

0 12 


4 47 

4 18 


0 0716 

0 146 


1 07 

1 12 



0 13 



3 93 

4 96 

4 12 

iwiMn 



0 803 

0 966 

1 19 

0 06 

[jXlM 

0 13 


3 83 

4 16 





1 06 



0 04 

[ImSI 


252-260 

4 12 

4 75 

4 33 

iwimiiii 


iB»a 

0 910 


1 06 

0 06 

0 16 

bBiB 




3 90 






0 667 



0 16 


4 02 

4 40 

4 15 



IS 



0 123 



0 11 


* The specific activity is expressed as the per cent of the administered P’’ per mg 
of phosphorus ^ 

t Relative specific activity is the ratio of specific activity of phospholipide P to 
that of acid soluble P 

upon hpide phosphorylation m the small mtestme of the rat In attempt- 
mg to explain this difference, attention was directed to the possibility that 
the experimental procedure employed by the various investigators v as not 
the same In the present mvestigation we have ruled out the possibihtj 
that factors such as the oil used, the age of the rat, and the mterval after 
fat and admmistration could explain the discrepancy Artom and 
Comatzer (14) have recently pomted out that “the supply of cholme (or 
cholme precursors) may represent a limiting factor for the formation of 
phosphohpides durmg the absorption of fat from the intestine ” It is 
unlikely that the 24 hour fast, to hich all rats v ere subjected m this m\ es- 
tigation, could haxe created a cholme deficiency Smce Artom and Cor- 
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natzer observed in cbolme-deficient lats that fat absorption occurred 
wathout an increase in phospholipide formation by the small intestine, 
then findings provide additional support for the conclusion offered here 
that phosphohpides are not obligatory participants m fat absorption 

DISCUSSION 

Accordmg to the concept first expressed by Smclaii (3), phosphohpides 
are intermediates in the synthesis of neutral tat from fatty acids within the 
mtestmal wall BIooi in 1943 (15) described the mechanism as follows 
“As soon as the fatty acids are absorbed into the epithelial cells, molecules 
of phosphohpide react with the free tatty acids (oi soaps) to form neutral 
fat,^ immediately, however, the residual phosphoric acid-base complex’ 
unites with the newly absorbed fatty acids and glycerol to form 
phospholipide.’’ 

The evidence dealmg wuth the question whether phosphohpides form an 
obligatory step in fat absorption may be grouped according to the following 
methods of study (1) labeled fatty acids, (2) inhibitors and accelerators 
of lipide phosphorylation, (3) lymph phosphohpides, and (4) radioactive 
phosphorus Many of these mvestigations have been reviewed by Veizar 
and McDougall (17), Bloor (15), and Frazer (18) 

That fatty acids present in the intestinal lumen are incorporated mto the 
lipide fractions of the mucosa has been amply demonstrated with such 
labeling agents as elaidic acid, iodized fatty acids, and conjugated fatty 
acids. The significance of then appearance m mucosal phosphohpides, 
from a qualitative pomt of view, has been dealt with m the “Introduction ” 
Moreover, Barnes el al w^ere impressed by the fact that at the height of fat 
absorption, when neutral fat m the mucosa contamed large amounts of 
administered labeled fatty acid, only small amounts of their labeled fatty 
acids appeared m the phospholipide fraction of the small intestme (6) 
They therefore concluded that phosphorylation is not an essential part of 
fat transport thiough the intestme 

As evidence favoring phosphohpides as intermediates m fat absorption, 
Verzdr and his associates offered their findings that lodoacetic acid, plilor- 
hizin, and adrenalectomy inter feied wuth fat absorption as wnll as wuth 
phosphorylations m the mtestine (17). lOinghoffer has shoivn that lodo- 

= The other possibility, namely that glj'-cerol choline selves as a stable skeleton 
to carry fatty acids, can, for obvious reasons, not be tested vith the radioactive 
isotope of phosphorus This possibility is being investigated w ith C*^-lnbeled palmi- 
tic acid 

9 Since Riley (16) found that administered phosphoryl choline phosphorus is 
rapidly converted to inorganic phosphorus, it should not be inferred that even the 
phosphoric acid-nitrogen base complex enters and leaves the phospholipide molecule 
as a stable unit 
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acetic acid induces pathological changes in the intestine*, So tiiat it is 
unnecessary to invoke an interference in phosphorylation to account for a 
depressed fat absorption m the animal treated with this drug (19) The 
work of Barnes et al leaves no doubt that the fatty acid-glycerol ester 
linkage can be formed m the adrenalectomized rat (20), whereas Stillman 
et al offered direct proof that phosphorylation of fat, as measured by the 
incorporation of administered radiophosphorus mto the phosphohpide 
molecule, is not interfered with in the small mtestme of the adrenalecto- 
nuzed rat (21) 

Verzar and Laszt claimed that fat absorption can be accelerated by the 
addition of either glycerol and phosphate or glycerophosphate (22) This 
findmg has been confirmed by Cera and Bellmi (23) The Verzar school 
interprets these experiments as meaning that durmg its absorption fat is 
transformed m the mtestmal mucosa to phosphohpide, the latter bemg 
intermediate m the synthesis of neutral fat m the epithelial cells (17) 

Many workers have shown that the phosphohpide content of intestinal 
lymph or thoracic duct lymph is mcreased durmg fat absorption This has 
been confirmed by Flock et al (24), as well as m this laboratory It has 
been pomted out that phosphohpide fatty acids contamed m lymph account 
for very little of the fat absorbed, much the largest portion of the extra 
fatty acids contamed m lymph bemg present as triglycerides This argu- 
ment, however, need not mvahdate the concept of lipide phosphorylation 
m fat absorption because (1) the amount of extra phosphohpides carried by 
portal blood durmg fat absorption has not been satisfactorily measured 
and (2) it is conceivable that, if phosphohpides aie formed as intermediates 
in neutral fat synthesis, they do not escape from the mtestmal wall 

In the rat mjected with an increase m the specific activity of the 
mtestmal phosphohpide phosphorus durmg fat absorption has frequently 
been reported (7, 13) The extensive observations reported here on rat 
and dog, however, do not confirm the earlier obserimtions The more 
recent findings of Schmidt-Nielsen (7) deserve particular mention Al- 
though he found an mcrease m the specific actmty of phosphohpide phos- 
phorus of the rat’s small mtestme durmg fat absorption, he calls attention 
to the fact that the increase is msufficient to account for the com ersion of 
the absorbed fat to phosphohpide, unless the phosphorjdation process is 
limited to the epithelial cells But even this limitation vould appear inad- 
equate to explain our failure to obsene any mcrease whatsoe\er m the 
relative specific actmties of the phosphohpides of the villi in the small 
intestine of the fat-absorbmg dog 

The mconclusive nature of the above earlier endence offered m support 
of phosphorjdation, coupled with the more definite finding of the present 
im estigation, namely that fat absorption docs not stimulate the rate of 
phosphohpide tumoi er m the whole small mtestme or in its mucosa, leads 
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\is to conclude that fat can pass tlirough the intestinal wall without involv- 
ing phosphohpide as an obligatory intermediate 

SUMMARY 

1 A discussion is presented on the use of relative specific activities of 
phosphohpide phosphorus foi comparing phosphohpide turnover under 
different experimental conditions 

2 In the dog, neithei the amount nor the tunover of the pliosphohpide 
of the mucosa or the villi of the small intestine is affected by the absorption 
of cream, com oil, or corn oil fatty acids 

3 In the rat, such increases in the lelative specific activities of phospho- 
Iipide phosphorus of the small intestine as may occur duiing fat absorption 
are too small to account for all of the absoibed fat having passed through 
a phosphohpide stage 

4 The findmgs presented here fail to support the hypothesis that phos- 
pholipides are obhgatoiy intermediates in the passage of absorbed fat 
through the mtestinal wall 
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Previous work on the synthesis of methionine m Neurospora (1) has 
established that the sulfur atom is derived from cysteine by way of the 
follo-mng series of gene-determmed steps 

Cysteine — » cystathionine — ♦ homocysteine —> methionine 

The same pathway can account for the formation of cysteme from me- 
thionine m aniTinalR (2) The key intermediate m these transformations is 
the asymmetrical tbioether cystathiomne, this compound mediates the 
transfer of the sulfur atom from the 3-carbon cham of cysteme to the 4- 
carbon cham of homocysteine m Neurospora and vice versa m animals 

The expenments of Bmkley and du Vigneaud (2) suggest that homo- 
cysteme and serme condense m the rat liver to form cystathionme which 
cleaves to give cysteme Bmkley (3) has shoum that cleavage of cyst- 
athionme by bver is accompanied by the disappearance of one high energy 
phosphate bond, it was suggested that the product of the cleavage reaction 
m addition to cysteme is the phosphate ester of a-ammo-y-hydroxybutync 
acid (phosphohomoserme) 

We have recently obtamed evidence that homoserme is the precursor of 
the A-carbon chain of cystathionine (and therefore of the carbon skeleton 
of methionme) m Neurospora At the same time, an unexpected and not 
yet fully understood relationship between the biological syntheses of methi- 
onme and of threonme was discovered 

Materials and Methods 

Mutant Strain — ^This paper deals with stiam 51504, a mutant of Neuro- 
spora crassa obtamed at the Stanford laboratones by ultramolet irradiation 
of asexual spores Crosses of this mutant mth strains normal with regard 
to ammo acid requirements v ere made and ascospores were dissected and 
cultured Of these asci, 89, of vhich at least one member of each spore 
pair gennmated, nere analyzed for the mutant character AH 89 asci 
show ed tn o pairs of mutant spores and tn o pairs of normal spores These 

* Present address, Monsanto Chemical Compan\ , Clinton Laboratories, Oal 
Ridge, Tennessee 
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are the results to be expected if the mutant character dilTers from the nor- 
mal by a single gene Tests carried out on cultuies derived fiom several 
complete asci showed that recovered strains have the same growth require- 
ments, qualitatively and quantitatively, as the parental strains 

Linkage studies with morphological and biochemical mutant maikers 
showed that the gene conditioning the mutant character of strain 51504 is 
located on the fiist chiomosome on the aim opposite the sex gene, about 
25 crossover units from the centromcie Foi techniques of crossing and 
ascus dissection and testing, see Beadle and Tatum (4) 

Groivth of the mold was measuied as the diy weight of mycelium pro- 
duced after 72 houis incubation at 25° Cultuies neie gromi in 20 ml of 
medium in 125 ml Eilenmeyer flasks The basal medium and the tech- 
niques for inoculation, drying the pads, and keeping stock cultures have 
been described elsewhere (5) 

Compounds — DL-Homoserme was synthesized in the following manner 
a-Acetobutyrolactone, prepared by the procedure of Kiiunyantz et al (6), 
was converted to the phenylhydrazone of a-ketobutyrolactone by the 
method of Harradence and Lions (7) The reduction of the phenylhy- 
drazone with tm and HCl to yield homoserme has been reported by 
Feofilaktov and Onishchenko (8) It was found, however, that the reduc- 
tion goes more smoothly mth zinc and methanohc hydrogen chloride, 
according to the procedure used by Feofilaktov for the preparation of other 
amino acids (9) 105 gm of phenylhydiazone and 100 gm of zmc dust 

were suspended in 1 htei of 95 per cent ethanol The mixture was placed 
m an ice bath and 500 ml of 25 per cent hydrogen chloride m methanol 
were added nath stirring ovei a period of 6 hours The unchanged zinc 
was filtered off and the alcohol and excess HCl removed from the filtrate by 
concent! ation under reduced pressure The residue was dissolved m water ' 
and treated successively with lead carbonate, silver carbonate, hydrogen 
sulfide, and nuchai The colorless solution was evaporated to dryness over 
a water bath The residue was crystallized by dissolving m water and 
adding 95 per cent ethanol The yield after reciystallization was 15 2 gm , 
mp 180-181° 

In the preparation of n-methionme, DL-methionme was formylated 
accordmg to the method of du Vigneaud et al (10) foi\ DL-cystine 10 gm 
of DL-metluonme were dissolved in 120 mi of 88 per cent formic acid The 
temperature was brought to 59-61° and maintained there by the slow 
addition of 42 ml of acetic anhydride When the mixture was cool, 21 ml 
of water were added and the clear solution was concentrated under reduced 
pressure Upon ciystallization of the residue from ethyl acetate, there 
were obtained 9 1 gm of formyl-DL-methionme, m p 100-101° The 
resolution of formyl-cL-methionme and the recovery of n-methionme were 
carried out according to the procedure of Wmdus and Marvel (11) 
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L-Cj'stathionme was isolated from stram me-^ (H98) of Neurospora crassa, 
as described by Horowitz (1) DL-Homocysteme tbiolactone hydrochloride 
was prepared by the method of Riegel and du Vigneaud (12) d- and 
L-threonme ivere kmdly made available by Dr R T Major of the Merck 
Research Laboratories 


RESULTS AND DISCUSSION 

Stram 51504 was origmally classified as a ihreomneless mutant, smce 
threonme was the only ammo acid tested upon which it showed any growth, 
although even here growth was scant The followmg twenty-five amine? 
acids, tested smgly m concentrations of 1 mg per 20 ml of medium, do not 
support the growth of this stram DL-threonme (shght growth), DL-isoleu- 

Table I 

Effect of Various Supplements on Growth of Strain BlBOi- 
The indicated amounts of supplement were added to 20 ml of basal medium 
GronTh was measured as the dry u eight of mold produced after 72 hours at 25° 


Supplement 

Growth 






mz 

None 





0 

5 mg hydrolyzed casein 



0 

5 “ 

it 

it 

2 mg DL threonme ♦ 

45 0 

1 “ 

DL-threomne 




2 0 

1 “ 


-b 1 mg 

DL-methiomne 

43 0 

1 “ 

<( 

+ 1 

u 

DL-homocysteme thiolactone hydrochloride 

27 5 

1 ” 

H 

+ 1 

tt 

L cystathiomne 

34 0 

1 “ 

(( 

+ 1 

u 

ii cysteine hydrochloride 

2 0 

1 “ 

it 

-b 1 

u 

L-cystine 

2 0 

1 “ 

t( 

+ 1 

n 

choline chloride 

13 0 

1 “ 

L-threomne 

+ 1 

n 

n-methionine 

33 0 

1 " 

D -threonme 

+ 1 

tt 

tt 
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cine, DL-methiomne, L-histidme, DL-vahne, L-lysme, L-tryptophan, dl- 
leucme, glycme, DL-alamne, DL-aspartic acid, L-prolme, L-argimne, 
hydroxy-L-prolme, L-glutamic acid, DL-senne, L-tyrosine, L-cystine, l- 
cysteme, DL-norleucme, DL-phenylalanme, DL-norvahne, DL-a-ammobutjTic 
acid, DL-citruUme, and DL-omithme 

Further study of the growth requirements of the mutant showed that it 
responds to threonme plus some factor or factors present m casern hj drolj - 
sate, although no response was obtamed wnth casern hj^droljsate alone 
(Table I) Experiments were earned out to discoter whether any of the 
ammo acids mentioned above would replace the factor m casein hj drolj'sato 
Each of the twenty-five ammo acids was tested with threonme m 1 mg 
amounts hlethionine was found to be the onlj one which supports growth 
in the presence of threonme 
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Attempts to replace the thieomne poition of the requnement were earned 
out by supplying each of the twenty-five ammo acids m the presence of 
methionme None of them was found to replace thieomne Tests with 
L- and D-thieonme showed that only the natuial foim is active for the 
mutant (Table I) This provides further support of the idea that the 
D-ammo acid o\idase pla3''s an essential part m the inversion of the unnat- 
ural enantiomorphs of the ammo acids, since it has been shown that the 
D-ammo acid oxidase of Neurospora does not attack D-threonme (13) 
i Fuithei tests weie made to deteimme whether loioivn precursors of 
methionme aie able to fulfil the methionme requnement of the mutant 
The results (Table I) show that cj^stathionme and homocysteine (as the 
thiolactone), but not cysteme, will promote grovdih of this strain when 
supplied together with thieonme Choline shows some activity, presum 



Fig 1 Growth of strain 51504 on Dt-homoserme (©) and on a mixture containing 
equal parts of DL-raethionine and DL-threonine (O) 

ably by vutue of a spaimg action on methionme It is mf erred from these 
results that the methylation of homoc 3 ’'steme and the cleavage of cysta- 
thionine to yield homocysteme proceed noimally m the mutant, but that 
the synthesis of cystathionme from cysteine is blocked In regard to 
bloclong methionme synthesis, stiam 51504 thus resembles stiam vic-S 
described previously (1) , it differs from the latter m that the block to cysta- 
thionine synthesis m mutant 51504 at the same time abolishes thieonme 
synthesis 

In explanation of the nutritional requiiements of strain 51504, the possi- 
bility immediately suggests itself that cystathionme and threonme have a 
common precui-soi w'hose synthesis is blocked in the mutant Strong 
evidence foi this hypothesis would be obtamed if a substance could be 
found which, when supplied to the organism, satisfies both the methionme 
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and the threonine requirement The tests descnbed above showed that 
none of the common ammo acids can replace both threonme and methi- 
onine m promoting the growth of the mutant It vas therefore decided 
to test homosenne, although there was no basis for assummg it to be bio- 
chemically related to threonme, homoserme suggested itseK as a precursor 
of cystatWmne by analogy with the serme-homocysteme reaction m the 
rat hver (2, 3) 

DL-Homoserme was synthesized by the method described above and, 
when tested on stram 51504, was found to be active It appears, therefore, 
that homoserme gives nse to both methionme and threonme m Neurospora 

Gene me-i Gene 

and others 51504 Gene 

HOOC CHNHj CHi SH + HOCHj GHj CHNHj COOH ^— > 

1) (n) 

1 

CHi CHOH CHNHi COOH 
(VI) 

HOOC CHNH; CHt S CH- CH, CHNH. COOH 

(III) 

Gene 
me Z 

HS CHi CH, CHNHj COOH 

(IV) 

Gene 

me-I 

4 ' 

CH, S CHj CHj CHNH. COOH 
(^^ 

The activity of Du-homoserme for the mold is equal to or better than that 
of a mixture of DL-threonme and DL-methiomne (Fig 1), a fact which adds 
weight to the idea that homoserme is a normal biological precursor of 
threonme and methionme In the accompanymg diagram this conclusion 
IS mcorporated mto the previously amved at scheme of methionme syn- 
thesis in Neurospora (1) , the genes known to control \ anous stages of the 
process are indicated Cysteine (I) condenses mth homosenne (II), gi\nng 
nse to cystathionme (III), cystathionme is clea^ed to homocysteme (IV), 
which IS methylated to jield methiomne (V), in a separate reaction, or 
senes of reactions, homoserme gives nse to threonme (VI) 

Although the mechanism of the con\ersion of homosenne to threonme is 
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not known, an obvious possibility is that of a shift of the hydroxyl group to 
the |8 position The fiist step in this reari angement might be a dehydration 

of homoserme to the /3,7-iinsaturated ammo acid, analogous to the reaction 
suggested foi serine and threonine by Chaigaff and Sprmson (14) Eehy- 
dration to thieonine might then take place Still other mechanisms suggest 

themselves, for example, it is conceivable that homoserme acts as a specific 
ammo, or even hydroxyl, donor to the immediate precursor of threonine 
Methtomne Inhibition — In an experiment designed to deterinme the 
minimum amounts of threonine and methionine lequired foi optimal growth 
of the mutant, it was discovered that an excess of methionme inhibits 
giowth The inhibition appears to involve a competition between methi- 
onine and threonme, since it is relieved by mcreasmg the threonine con- 
centration, as shown m Table II When the effects of l- and DL-methionme 

T\BliE II 

Effect of Varying Threonine and Methionine Concentrations on Growth of Strain 61504 


The values represent gi ov, th of the mold m mg 


DL Threonine 

M-AIethiomnc, mg per 20 ml 
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0 
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. 0 5 
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0 

0 

] 0 

1 

10 

47 
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0 

2 0 

2 

47 ! 

66 

1 

0 

5 0 

2 

58 

C2 

64 

2 

10 0 

3 

59 i 

59 

53 

50 
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weie compared, the suiprismg result was obtained that L-methionme is twace 
as inhibitory as the racemic mix-ture, leading to the conclusion that the 
inhibitoiy action is confined to the natural isomer Confirmation of this 
lesult was obtained m experiments m which the mutant was grown ivith 
threonine plus varying amounts of n-methionmc As is shovm m Table 
III, both enantiomorphs support the gioivth of the strain, but only L- 
methionine is inhibitory m the concentration range tested To explain this 
lesult it seems necessary to assume that n-methionme is conveited to 
L-methionine at a rate sufficient to provide foi the giowth of the mutant, 
but not at a rate sufficient to give rise to an inhibitory concentration of the 
natural enantiomorph 

The critical molar latio of L-methionme to L-threonme, above which 
inhibition sets m, is approximately 0 8 Inhibition is complete when the 
latio exceeds 2 The exact ratios vary with the age of the culture used m 
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testing, older cultures being somewhat more sensitive to methionme inhi- 
bition than fresh ones Inhibition by methionme is also observed when 
the mutant is grown on homoserme (Table III) 

The growth of the ivild type Neurospora is not inhibited by DL-methiomne 
in a concentration of 10 mg per 20 ml , or by various mixtures of threomne 
and methionme The effect appears to be specifically related to strain 
51504 and is sunilar m this respect to the inhibition of the growth of lysme- 
requinng mutants of Neurospora by L-argmine, described by Doermann 
(15) Tests with other ammo acids have showm that the inhibitory action 
IS not confined to L-methionme DL-Norvalme, L-t 3 T:osme, and DL-a-ammo- 
butync acid were all found to suppress growth of stram 51504 when added 
in 1 mg amounts to a medium contaimng optimal concentrations of threo- 
nme and methiomne, it is probable that still other ammo acids wtU be 


Table III 

Inhthtlton of Growth by 'L-Melhionine 


The values represent growth of the mold in mg 


Supplement 

Methionme configuration 

DL- 

L- 

D 

1 mg 

DL-threonine -f 0 5 mg 

methionine 
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it 

“ 


10 0 


1 “ 
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found to mhibit the grovdih of this strain Tlie failure of the mutant to 
grow m medium supplemented ivith casern hj’^drolysate (see abot e) is thus 
explained as resultmg from the inhibitory effects of t arious ammo acids 

This investigation as supported by grants from the Nutrition Founda- 
tion, Inc , and the Rockefeller Foundation 

SUMMARY 

A monogenic, radiation-mduced mutant of Neurospora which requires 
methionme and threonine for growth is described The methionme require- 
ment can be satisfied bj homocysteine or cj^tathionine, but not bj cj steme 
Both the methionme and the threomne requirments can be satisfied bj 
homoserme These results indicate that homoserme functions as a pre- 
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cursor of tlireonme in the organism and alsagives rise to the 4-carbon chain 
of cystathionine 

The mutant utilizes L-threonine but not n-threonme for growth, whereas 
both enantiomorphs of methionine are active Groivth of the strain is 
inhibited by excess L-methionine, the inhibition can be reversed by 
increasmg the threonine concentration n-Methionine is not toxic to the 
mutant in any concentration tested 
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Closlridtum Uuyven is an anaerobic bacteniim which was shown several 
years ago to convert ethanol to caproic acid (1-3) This unusual process 
could not be adequately studied at that time because of difficulties m grow- 
ing the organism These difficulties have recently been overcome and it is 
now possible to grow the bactenum m any desired quantity m a completely 
synthetic medium unth relative ease (4) Nutritional studies have shoum 
that Clostridium Lluyveri is unable to attack substrates hke glucose and 
pyruvate which are commonly fermented by other anaerobic bactena, but 
it obtams energy by the simultaneous decomposition of ethanol and a salt 
of one of the lower fatty acids, which may be acetate, piopionate, or butyr- 
ate It IS the purpose of this paper to describe the over-all chemical 
reactions that occur durmg the transformation of these substrates It vtU 
be shown that the mam fermentation products are acetic, n-butync, n-va- 
lenc, n-caproic, and n-heptanoic acids and hydrogen Also some emdence 
concemmg the mechanism of formation of these fatty acids will be pre- 
sented 

Methods 

Culture Medium — ^AU expenments uere done vath grounng cultures of 
Clostridium kluyveri, strain K 1 The follovmg hledium 1 was used 
ethanol 0 1 to 2 0 gm , sodium salt of a fatty acid 0 1 to 1 5 gm , IQIjPO^- 
NajHPOi buffer (1 m, pH 7) 2 5 ml , (NHt)2S04 50 mg , MgSOi THjO 20 
mg , CaSOi 2H20 1 mg , FeSO* THsO 0 5 mg , MnSO^ 4H2O 0 25 mg , 
NaMoOi 2H2O 0 25 mg , Difco yeast extract 75 mg , NasS OHsO 20 mg , 
Na2COa 10 mg , and glass-distilled uater 100 ml In small scale expen- 
ments the sulfide v as usuall5' replaced by 50 mg of sodium thioglycolate 
All cultures vere incubated under strictly anaerobic conditions at 35° 
Chemical Methods — Gases v ere collected over mercurj'- and analyzed in 
a Fisher gas analysis apparatus Dissolved carbon dioxide uas estimated 
by the manometnc method descnbed bj Peters and Van Slj'ke (5), alcohol 
by a semimicro modification of the method of Northrop ct at (0), follovnng 
distillation, and total volatile acids by steam distillation and titration 
The separation of fatty acids m mixtures was accomplished by distillation 
in an efficient fractionating column at reduced pressures The indi\ idual 
acids were identified by determmmg their ph3sical properties, mcludmg 
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Duclcvux (hslilUilion constants, i efi active indices, melting and boiling points 
of the fioe acids, and melting points of the acid amides The identification 
of the highci fatty acids will be consideied m detail in connection with the 
individual e\pciiments 

Foi the estimation of acetic, butyiic, and capioic acids m a mixture, the 
Duclaux distillation method was used (7) Tests on knoivn mixtures 
shoved that the crioi in the estimation of an indnidual acid is usually 
vuthm ±5 per cent, provided the acid constitutes more than one-fifth of 
the total <icid in the sample 

The quantitative anahsis of mixtures of fatt> acids containing acetic, 
piopionic, 7!-butyric, n-valciic, 7i-capioic, and ??-hcptanoic acids mil be 
discussed in connection vith the ethanol-pi opionate fermentation 

EXPERIMENTAL 

Efhanol-Acelate Fomcniahoiv — A. laige scale feimentation was carried out 
to provide enough material to peiTnit positive identification of the products 
Foi this purpose a 12 liter cultiue of Medium 1 containing 0 65 per cent 
ethanol and 0 5 per cent sodium acetate was incubated for 12 days until 
growth had ceased and was then analyzed 

The residual neutral volatile compounds vere collected by distillation 
and tested for aldehydes and ketones with 2,4-dinitrophenyIhydrazme 
with negative i esults The alcohol v as then oxidized w ith acid dichromato 
to the coiiesponding fatty acid, vhich vas dcmonsliatcd to be pure acetic 
acid b}' the Duclaux distillation method It may be concluded that ethanol 
was the only alcohol piesent and no other neutial volatile compounds verc 
foimed during the fermentation 

\bout 35 ml of mixed fatty acids were separated and subjected to liac- 
tional distillation Six fi actions veie collected as shomi ni Tabic I 
Fraction A was identified as acetic acid by Duclaux distillation and by the 
equivalent weight Fraction B was found by Duclaux distillation to con- 
sist mainly of acetic acid contaminated wuth a small quantity of a higher 
acid, pi obalily biity i ic acid F i actions C and D w^ei e identified as n -but} i ic 
acid The Duclaux distillation values for these fractions arc identical w itli 
those for S}uithctic u-butyiic acid and the equivalent weight is appioxi- 
raatel} coiicct Both the mcltuig and boiling points coriespond to {hose 
for R-butyiic acid, the values aie veiy diffeient from those of isobutjiic 
acid, which has a melting point of —47'^ and a boiling point of 154 4° 
Fi actions E and F weie identified as capioic acid by Duclaux distillation 
and the equivalent weight detcimmation The boiling, melting, and freez- 
ing points identify the capioic acid as the noimal isomer The boiling 
points of other capioic acid isomoie. he between 183 5-199° and tlic melting 
points aic between —1 5 and —12 
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Additional evidence concerning the identity of the capioic acid isomei 
lias obtained by determining its infra-red absoiption spectium ^ Samples 
of the acid m ere dissolved m both carbon disulfide and carbon tetrachlonde 
and its spectrum i\as compared in the region from 2 to 15 m^i inth that of a 
sample of Ji-caproic acid obtained from the Carbide and Carbon Chemicals 
Corporation, and descnbed as having a purity of better than 98 per cent 
Tlie two samples had identical spectra, except that the bands at 6 59 and 
13 13 m^ wcie stiongei in the bacterial preparation Tins indicates that 
the lattei is mostly n-capioic acid, containing a ‘-mall amount of some im- 


T\Bi.r I 

Physical Properties of hatly Acid Fractions from Ethanol Acetate t ermentation 


Fraction 

Distillation data 

} 

i 

Refractive 1 
indcT 22 

1 

j 1 

1 Fquivalent ! 

, vveicht 1 

1 

Bp 

1 

Vp 

Pressure ! 

1 

[ fempera 
! ture 

1 

[ Amount 

1 

! 


mm Us j 

c 

1 ml 

i 


fm 1 

C 

c 

A 

90 

1 52- 72 

1 65 

1 

1 8718 ! 

60 2 1 



B 

90 ' 

75-100 

0 60 

1 

1 3801 ! 

1 



C 

1 18 

72- 79 , 

, 10 00 


1 3081 j 

87 7 1 

162 8 1 

-7 2 to -8 

D 

18 

70-90 

1 0 95 

1 

1 3981 

1 

! 

! 

L 

5 

1 80-99 

1 22 10 


1 4164 

116 1 

203 6 , 

-2 0 (-0)» 

Ft 



' 2 70 




1 



* Freezing point, \ihicli is nornialh lower than the melting point with n-eaproie 
icid 

t Residue from 1 raction R 


puiitj which IS common to it and to the lefeicnce sample The natuie oi 
souice of this impurity was not determined 

Fiom the abo\ e result's one mar conclude that the i olatilc icicls present 
at the end of an ethanol-acetate fermentation consist miinh if not eiiliieh 
ol acetic, ii-butync, and a-caproic icicls Quantitatue data on this fei- 
mentation are gi\cn in Table II It is eiident tint butiratc, capioile 
and hj^drogeii account for iieailj ill the ethanol and acetate consumed 
Ethanol-Propionale Fcnnrutatwn — A culture consntiug of 5 5 liteis of 
jMeclium 1, containing 1 5 pci cent ^odnim piopiouatc and 2 per cent etln- 
nol, was incubated foi 18 days until growth cea'^ed and w is then inah zed 
The neutial lolatile fraction of this feimentation consisted of etlnnol 
cont lining i small imount of a higher alcohol which was not identified 
Xo ildeludis or ketones could be detected 

* The infra-rcd spcclri were determined b\ Dr K R Brattain of tlie ‘'htll Dc 
\ clopmcnt C onipum Tlio lUthors wish to express tlieir apprei lation to Dr Rril 
lam and to Dr Otto Bccek for making it possible to olitain this information 
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About 60 ml of mixed volatile acids were recovered from the fermented 
medium A small sample of the mixture was subjected to an azeotropic 
distillation (8), with benzene, toluene, and xylene, successively, m order to 
leain its approximate composition Control experiments with a knoivn 
mixture of fatty acids shoved that the benzene distillate contains acetic 
acid and sometimes a small quantity of propiomc acid, the toluene distillate 
contains most of the propionic and butyiic acids, the xylene fi action con- 
tains valeiic and caproic acids, and the lesidue from the xylene distillation 
contains heptanoic and higliei acids The approximate composition of 
each fi action was detei mined by Duclaux distillation The distillation 
data indicated the presence of acetic, propionic, butyric, valenc, and cap- 
roic acids m considerable amounts and also a small amount of a higher 
acid To obtain more conclusive evidence as to the identity of the in- 


Tablb II 

Ethanol- Acetate Fermentation 


Substrates* decomposed 

Ethanol 

mif fer 100 vU 

4 55 


Acetate 

2 18 

Products formed 

Butyrate 

1 04 


Caproate 

1 46 


Hydrogent 

1 11 

Carbon recovery, % 


96 

Oxidation-reduction index 


1 00 


* Initial and final ethanol concentration, 8 37 and 3 82 imi per 100 ml , respec- 
tively, initial and final acetate concentration, 3 57 and 1 38 mM per 100 ml , respec- 
tively 

t Determined in a parallel fermentation of smaller volume 

dividual acids, the mixed fatty acids were subjected to a fractional dis- 
tillation Eight fi actions were collected, these are listed m Table III 
along vitli some of then physical properties 

Fi action A undoubtedly consists of a mixtuie of water, acetic acid, 
and piopionic acid This is indicated by the distillation temperature 
range and by Duclaux distillation data, v Inch correspond to a 3 2 mixture 
of acetic and propionic acids Fraction B consists of almost pure pro- 
pionic acid This conclusion is supported by the data on the distillation 
tempeiatuie range, by the Duclaux distillation data, and bj’’ the refractive 
index observed 1 3858, propionic acid 1 3873 The same types of evidence 
and the characteristic odor indicated that the small Fraction C is a mixture 
of about equal parts of propionic and butyric acids Fiaction D is almost 
pure butyric acid The identity of the butyric acid isomei was not in- 
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vestigated in detail Since butjmc acid is undoubtedly formed from ace- 
tate, as m the ethanol-acetate fermentation, it seems safe to assume that 
here we are also dealmg -with the normal isomer 
Fractions E to H n ere examined mth special care to establish the identity 
of the isomers as ell as the number of carbon atoms Fractions E and F, 
compnsmg more than half the total acid, appear to consist of a smgle 
compound, n-valeric acid The Duclaux data, equivalent v eight de- 
termination, and distillation temperature range identify the compound as 
a valenc acid It is possible to distinguish the normal from the other three 
isomers by the follonmg properties b p 184 5-185 5°, n-valenc acid 186°, 
other isomers 163 8-176 5°, m p —35 0° to —36 5°, u-valenc acid —34 5°, 

Table III 


Physical Properlies of Fatly Acid Fractions from Ethanol-Propionate Fermentation 


Fraction 

Distillation data | 

£qui\ alent 
weight 

1 

BP 

Mp 

M p 0 ! 
amide 

Pressure 

Temperature 

Amount 


fnm Bi 

•c 

tnZ 

rm 

•c 

“C 

•c 

A 

88 

47- 81 

12 0 





B 

88 

81-112 

8 6 





' C 

19 

63- 73 

1 4 





D 

12 

64- 78 

1 7 





E 

2-3 

59- 66 

13 0 

101 8 

184 5 

-36 5 

106* 

F 

2-3 

66- 82 

18 2 

mSSm 

185 5 

—35 0 

106* 

G 

2-3 

82- 91 

3 4 


204 0 

-2 0 

100* 


! 





(-9 5)t 


Ht 


1 

1 4 

130 4 

221 0 

-6 0 

96* 


* Mi\ed melting points n ith amides of normal isomers 
t Freezing point 
t Distillation residue 


other isomers —80°, —30°, and 35 5°, m p of the acid amide 105 5°, n-\ al- 
eramide 106°, amides of other isomers 1 12-135° a-Meth\ IbutjTic acid v as 
completely eliminated as a possible constituent of Fractions E and F 133’^ a 
determination of the number of terminal meth3d groups b}' the method 
of Ginger (9) The 3 leld of acetic acid n as 0 82 mole per mole of fatt3 
acid Under the same conditions, a-meth3dbut3Tic acid gaA e 1 48 moles 
of acetic acid and n-valeric acid 0 82 mole per mole 
There nas a sharp nse in the distillation temperature between Fractions 
F and G Most of Fraction F distilled below 77°, while most of Fraction 
G distilled at 90° All the data presented m Table III and the Duclaux 
distillation data indicate Fraction G to bo n-caproic acid Fraction H 
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■was the lesidue left aftei distillation of the piecedmg fractions The 
physical piopeities of the acid and its amide indicate it to be a-heptanoic 
acid The acids of both Fi actions G and H weie bhowm to possess only a 
single teiminal methyl gioup by the method of Gingei (9) 

On the basis of the aboye obsen^ations it may be concluded that the 
fatty acids foimcd in the ethanol-piopioiiate fci mentation are acetic, 
n-butyiic, n-valeiic, n-capioic, and n-heptanoic acids The only other 
pioduct foimed m a significant amount is hydiogen 
An accurate quantitative estimation of all the fattj'’ acids in a mixtuie 
containing si\ components cannot be achieved by any method so far 
developed However, the appioximate quantities of the individual acids 
could be calculated fiom the total volatile acidity, determined by direct 
steam distillation of the medium, and a knowledge of the fraction of the 


Table IV 

Elhanol-Pi optonalc Fci mcnlahon 


Bubstiales* decomposerl | 

Products 

Ethanol 

Piopionate 

Acetate 

n-Butyrate 

7t-Valerate 

7i-Capioatc 

7i-Heptanoate 

Hydrogent 

m V fer 100 ml 

12 2 

10 0 

2 9 

0 65 

7 2 

0 7 

0 25 

2 4 

Carbon recovery, % 


93 

Oxidation-reduction index 

i 

1 18 


+ Initial and final ethanol concentration, 20 4 and 8 2 niM per 100 ml , respectively, 
initial and final propionate concentration, 14 6 and 4 6 mw per 100 ml , respective!} 
t Determined m a small scale parallel experiment 


total volatile acid coiiespondmg to each component The latter values 
could be estimated fiom the fi actional distillation data piesented in Table 

III and fiom data on the composition of each fi action, obtained by Duclaux 
distillation The lesults, calculated in this mannei, aie piesented in Table 

IV The caibon lecoveiy (93 pei cent) and oxidation-reduction index 
(1 18) aie such as to indicate that the data aie reasonably leliable 

Ethanol-Bntyi ale Fei mcnlahon — ^Butyiate is not leadily attacked by 
giow’ing cultures of Closlndmm /uZayye? z unless a little acetate is also piesent 
Foi this leason acetate was added to the medium used for the ethanol- 
butyrate fermentation (Table V) The culture ivas allowed to incubate 
until giowth ceased The experiment was done on a small scale (25 ml ) 
because it was believed that the products would be qualitatively the same 
as those formed in an ethanol-acetate fermentation, and therefore large 
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quantities Rcre not required for the identification of the isomers How- 
ever, the presence of acetate, butyrate, and capioate m the fermented 
medium n as established by separating the acids b}'^ azeotropic distillation 
and identifying the individual components by Duclauv distillation Quan- 
titative data on this fermentation are given in Table V It is evident that 
most of the but 3 Tate has been converted to caproate The results n ill be 
discussed further belov 


Table V 

Elhanol-Bulyrale Fermeniaiton 


Unfermented medium 

Ethanol 

msi per 100 ml 

--10 00 


Acetate 

1 00 


Butyrate 

3 S4 

Fermented “ * 

Ethanol 

3 06 

1 

Acetate 

1 01 

1 

Butyrate 

0 50 


Caproate j 

4 27 


* Hj was produced, but was not collected 


Table VI 

Influence of Ethanol Acetate Ratio on Yields of Butyrate and Caproate 



1 

1 

Exi>en 
inent 1 1 

Expen j 
ment 2 

Experi 
ment 3 

Expen 
ment 4 

Unfermented medium* 

Fermented medium 

Ethanol 

Acetate 

Ethanol 

Acetate 

Butyrate 

Caproate 

m>f per 100 
ml 

4 70 

0 74 

2 95 

0 91 

0 00 

0 33 

mif per 100 
ml 

4 70 

1 50 

2 08 

0 62 

0 185 

0 99 

mu per 100 
rrd 

4 70 

3 02 

0 64 

0 84 

0 76 

1 43 

mu per 100 
ml 

4 70 

6 00 

0 64 

2 82 

1 46 

1 06 

Carbon recovery, % 


89 

94 

95 

1 

93 


* Medium 1 


Influence of Ethanol-Acclale Ratio on held of Butyralc and Capwate — 
Preliminary experiments shoiied that the relative jiclds of but j rate and 
caproate are dependent upon the concentrations of the two substrate's, 
ethanol and acetate To examme this effect more carefullj'' four media 
were made containing the same concentration of ethanol and four diftcient 
concentrations of sodium acetate The cultures weic meubated until 
growth ceased and weie than analyzed The results are gixeii in Table 
^ I It can be seen that when there is an excess of ethanol (Lxpciimcnts 
1 and 2), caproic acid is the mam product and little or no butjnc acid 
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accumulates As the excess of ethanol is reduced by increasing the acetate 
concentration, butyric acid becomes relatively and absolutely more abun- 
dant (E\T)eriment 3) , when acetate is present in excess, butyric acid accum- 
ulates in a laigei amount than caproic acid and the absolute yield of ca- 
proic acid is decreased (Experiment 4) 

DISCUSSION 

The experiments desciibed above show that Clostridium Uuyven is able 
to convert ethanol and acetate under anaeiobic conditions almost quanti- 
tatively to w-butyiate, n-capioate, and hydrogen Similarly, it converts 
ethanol and propionate to acetate, n-butyrate, ?i-valeiate, n-caproate, 
n~heptanoate, and hydiogen The expeiiments also provide evidence 
concerning the natuie of some of the reactions involved in these fermenta- 
tions 

Let us first consider the ethanol-acetate fermentation If we disregard 
the production of hydiogen gas, the formation of butyrate and caproate 
from ethanol and acetate may be written foimally as follows 

CH3CH2OH + CH5COO- = CHjCHsCHjCOO- + H2O ( 1 ) 

2CH,CH50H -t- CH3COO- = CH5(CH2)4C00- + 2H5O (2) 

Equation 1 represents the main reaction m a culture containing an excess 
of acetate (Table VI, Experiment 4) When, on the con ti ary, ethanol 
IS piesent in excess and acetate is the limiting factor, little or no butyrate 
is formed and the feimentation proceeds accordmg to Equation 2, this 
condition is realized approximately in Experiment 2 of Table VI The 
fact that butyrate is the mam product when ethanol is limiting and caproate 
IS the mam product when ethanol is m excess indicates that butyiate is an 
mtermediate in the conversion of acetate to caproate Tins indication is 
further supported by the observation that when butyrate is provided as 
a substrate it is almost completely converted to caproate (Table VI) 
All the evidence is consistent wth the view that acetate is first converted 
to butyrate (Equation 1), which is then converted to capioate (Equation 
3) However, there is as yet no proof that butyrate is an obligatory inter- 
mediate m the formation of caproate 

CHjCHnOH + CH3(CH2)2C00- = CH3(CH2)«COO- -f H2O (3) 

The mechanism of Equations 1 and 3 certainly is not a direct condensa- 
tion, AVith a loss of Avater betAveen the hydroxyl group of the alcohol and 
the methyl gioup of the fatty acid Experiments Avith isotope-labeled 
acetate haA'e shoAAm that during the ethanol-acetate fermentation the 
ethanol is oxidized to acetic acid before a condensation occurs (10) This 
implies that this fermentation, like all others that have been studied, is an 
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ovidation-reduction process The reductants are ethanol and, possibly, 
acetaldehyde The o\idant m Equation 1 his not been identihed, but 
may be assumed to be a C4 compound, such as acetoacetate, y hich is formed 
bj the condensation of 2 molecules of acetic acid or an “energj’^-nch” dern - 
ative thereof and is capable of being reduced to butyric acid A similai 
Cc intermediate can be postulated as a precuisor of caproic acid In the 
oxidation of ethanol to acetate, 4 electrons are lemoved and these are just 
sufficient to reduce the hypothetical intermediate compounds to butyiate 
or caproate 

Equations 1, 2, and 3 giye a simplified picture of the ethanol-acetate 
feimentation and do not describe accurately the observed quantitative 
relations among the substrates and pioducts The mam complicating 
factor IS the formation of hjdrogen yhich modifies the simple oxidation- 
reduction relations that yould othennse exist Hydrogen evolution 
provides a mechanism for the oxidation of an additional quantity of ethanol 
to acetic acid (Equation 4) As a result, the apparent utilization of acetic 

CHjCH.OH -f- H-O = CHjCOOH + 2H5 (4) 

acid IS alw ays less than is to be expected from Equations 1 and 2 Another 
consequence of hydrogen production is that the total volatile acidity must 
increase dunng the fermentation Both of these effects can be obseiyed 
in the data of Tables II and VI 

The ethanol-propionate fermentation is fundamentally similai to the 
ethanol-acetate fermentation, but is complicated by the fact that both Cj 
and C3 compounds are involved The mam process is the conversion of 
ethanol and propionate to n-valerate (Equation 5), which undoubtedlj'' 
involves an oxidation of ethanol to acetic acid, a condensation of a C; 
and a C3 compound to form a Cg intermediate, and a reduction of the inter- 
mediate to n-valeric acid 

CHjCHoOH CHjCH.COO- = CH,(CH.)>COO- + HjO (5) 

The oxidation of ethanol to acetic acid is more obvious in the ethanol- 
propionate fermentation than in the ethanol-acetate fermentation because 
there is an accumulation rather than a net utilization of acetate Also 
butjTate and caproate ire formed in appreciable quantities The butjTate 
IS undoubtedly formed from acetate, just as it is m the ethanol- icetatc 
fermentation In the latter, onh part of the acetate for but\ rite s\Tithesis 
Mas derived from alcohol, vliile in the ethanol-propionate fermentation all 
the acetate must liaxe come from this source The only other possible 
source of acetate is propionate, and this is excluded by the fact that no 
carbon dioxide was formed The caproate ilso was probabh denied 
ultimatcU from ethinol iia acetate md butiTite, although the po-v-i- 
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bihty that capioatc can be foimcd fiom 2 molecules of propionate is not 
excluded 

Heptanoic acid is piobably foimcd fiom valciic acid by a further con- 
densation Both a C 2 compound (Equation 0) It is evident from the rela- 

CH3CH2OII CIl3(CH,)3COO- = ClljfCIIslsCOO- -b HjO (6) 

tive amounts of valeiate, capioate, and heptanoate (Table IV) that the 
conveision of valeiate to heptanoate is much slowci than the conversion 
of piopionate to valeiate 01 even the conveision of butyrate to caproate 
Exact compaiisons of the lates of utilization of piopionate, butyrate, and 
valerate cannot be made fiom the available data, but theie can be no doubt 
that the lates deciease lapidly with mci easing chain length Fatty acids 
containing moie than 5 carbon atoms apparently aie not utilized at a 
significant rate in catabolic reactions by the stiain of Clostndiwn Lluyvcn 
which ve have so fai studied This does not mean that the ability to 
synthesize longei chain fatty acids is altogethei lacking Although direct 
experimental data aie not available, it is very probable that such com- 
pounds aie foimed as cell constituents by Clostridium Lluyvcn, just as 
they are by other bacteiia 

Nutiitional expeiiments have shoun that Clostridium kluyven grows 
very well m media containing ethanol and acetate or piopionate as the 
only 01 game compounds piesent m appieciable quantities (4) It must 
be concluded that the leactions discussed in this papei (Equations 1 to 6 ) 
provide all the energy lequiied foi its vital activities It is therefore of 
interest to estimate the amounts of eneigy available fiom these leactions 
For this purpose Equation 1 may be taken as the type reaction Free 
energy data are available foi the leactants and products of this reaction 
( 11 , 12) To obtam an appioximate value foi the free energy change it is 
assumed that the ethanol and the fatty acid anions aie present as 1 m 
solutions The value foi the free eneigy of foinaation of the butyiate ion 
was obtained fiom the value foi liquid butyiic acid by assuming a differ- 
' ence equal to that between liquid acetic acid and the acetate ion, foi which 
data aie available The calculated AFos- foi Equation 1 is —11 7 kilo- 
calories The values foi Equations 3, 5, and 6 should be of the same order 
of magnitude, while that foi Equation 2 , which involves 2 moles of ethanol, 
must be about twice as gieat An ethanol-acetate feimentation proceed- 
ing according to Equation 2 fuinishes almost half as much eneigy as the 
alcoholic fermentation of glucose 

The oxidation of ethanol to acetate with the hbeiation of hydiogeii gas 
(Equation 4) is calculated to have a AF 250 of appi oximately zeio at pH 7 
m a bicarbonate buffei Fiom this lesult it might be expected that the 
evolution of hydrogen Avould stop befoie the piessure 1 cached 1 atmos- 
pheie Howevei , it should be noted that the oxidation of ethanol probably 
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involves tv o steps, one from ethanol to acetaldehyde, the other from acetal 
dehyde to acetate If the hydrogen is as'^umed to be associated only 
vnth the second step (Equation 7), the AF 25 becomes —4 9 kilocalories, 

CHjCHO + HsO + HCOr = CH,COO- + H, + HoCOa (7) 

vhich IS large enough to account for the evolution of hydrogen gas 

SUMMARY 

Clostridium Lluyven has been slioma to convert ethanol and acetate more 
or less quantitative^'' to n-butyrate, n-caproate, and hydrogen and to con- 
vert ethanol and propionate to acetate, n-butyrate, n-valerate, n-caproate, 
n-heptanoate, and hydrogen No carbon dioxide is formed Evidence 
IS presented to show that these fermentations are oxidation-reduction 
processes in vhich ethanol is oxidized to acetic acid and the highei fatty 
acids are formed by successive condensation and reduction reactions 
Thermodynamic data shov that these sjmthetic reactions are exergonic, 
and nutritional experiments have demonstrated that they are capable of 
supplying the energj needs of the bacteria 
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ENZ-yiNIATIC DIGESTION OF SAMPLES FOR MICROBIOLOG- 
ICAL ASSAY OF PANTOTHENIC ACID 

Bt HABOLD H BUSKmK, ALICE M BERGDAHL, ai-d R A DELOR 
(From the Research Laboratories, The Upjohn Company, Kalamazoo) 
(Received for publication, November 19, 1947) 

Since most natural matenals contam a part of their pantothemc acid m 
a combmed state which is not utihzed by the test organism, a preliminary 
treatment of the sample is necessary before a microbiological assay will 
indicate the total vitamm content Various enzymes have been employed 
(1-4) for the preparation of samples for assay, however, few have proved 
satisfactory, mainly because of their slow rate of action and their high 
content of pantothemc acid, which must be subtracted as a blank 

We have used mylase P^ m a 2 to 3 hour digestion penod (3) for the liber- 
ation of pantothemc acid from the combmed state m samples for the past 7 
j’^ears vath good results Recently Ives and Strong (5) showed mylase P 
to be superior to othei enzymes and recommended its use, however, they 
felt that a 2 hour mcubation period was madequate for maximum libera- 
tion and that a 12 to 24 hour period was more desirable 

In new of these conflictmg reports, we wish to present further data con- 
cerning the optimum conditions for the use of mylase P 

EXPERIJIENTAL 

A dried jeast extract was used as a substrate for the enzyme studies 
because it contamed a high percentage of combined pantothemc acid The 
activity of the lot of enzyme used m these expenments was determined 
(3) This vas accomplished by findmg the optimum ratio of enzyme to 
a 0 4 gm sample of the yeast extract which would give maximum libera- 
tion of pantothemc acid in a 2 hour penod at 50° m a total i olume of 11 
ml at pH 4 5 This ratio v as found to be 1 part of enzjme to 1 part of 
sample The pantothenic acid content of this lot of m3 lase P v as found to 
be 1 5 7 per gm and the blank v as determmed b}^ the ratio of enzyme to 
sample Denations from this standard procedure vere made to deter min e 
the effect of pH, temperature, time, and concentration on the digestion 
process All samples vere filtered at pH 4 5 after digestion, as recom- 
mended by Ia es and Strong (0), properl3' diluted, and assa3'ed according 
to the method of Hoag et al (6) 

pH of Digestion — In order to determme the optimum pH for the digestion, 
an experiment vas set up in which reaction mixtures ■were adjusted to 

■Mjlase P (special) for thiamine determination, obtained from the 33allcr8tein 
I aboratones, ISO Madison A^ enue. New York 
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various pH values A slock solution containing 100 rag of dried yeast 
extiact per ral was prepaied in 1 m sodium acetate 1 gm aliquots were 
titrated to various pH values with HCl oi NaOH and made to a volume of 
20 ml Aliquots containing 0 4 gm were digested with 0 4 gm of enzyme 
at 50° foi 3 hours in a volume of 11 ml Aftei incubation all samples were 
readjusted to pH 4 5 befoie filtiation Maximum libciation was obtained 
at pH 4 5, however, it appears that the optimum pH lange is quite broad 


pH 

3 S 

4 0 

D 

s 0 

5 5 

1 . 


6 S 

0 

Pantothenic acid per gm , 7 










Temperatici e of Digestion — Since vaiious investigatois have used different 
temperatuies for the enzymatic hberation of pantothenic acid, it was 
deemed desirable to investigate the effect of temperature It has been 


Tabltu I 

Effect of Varying Temperature of Mylase Digestion on Liberation of Pantothenic Acid 


0 4 gm digested with an equal part of mylase P in a volume of 11 ml contflinuig 
2 ml of 2 M acetate buffer, pH 4 5, for a period of 3 hours 


Sample 

Pantothenic acid per gm 

37' 

40' 

45' 

1 50' 

1 

5o’ 


7 

y 

y 

■■ 

7 

Diied yeast e\tract 

118 

425 1 

459 


434 

Brewers’ yeast 

68 

69 

74 

■H 

73 

Whole liver (dried) 

93 

98 

103 

117 

93 


recognized that an mciease m tempeiatuie causes an mciease in the activity 
of an enzyme system, however, this increase in temperature could cause 
destruction of the enzyme or the product liberated 
In this experiment two additional substrates w^ere used, namely, brewers’ 
yeast and diied whole liver For each temperature a bottle was prepared 
containmg 0 4 gm of sample ivith an equal part of mylase P in a volume 
of 11 ml , containing 2 ml of 2 m acetate buffer at pH 4-5 The mixtures 
were allowed to digest foi a peiiod of 3 horns at the various temperatures 
Table I shows typical results of carrying out the enzymatic digestion at 
temperatures ranging from 37-55° The greatest libeiation for the 3 hour 
period was obtamed at 50°. 

Incubation Period and Concent) ation of Digestion Mixture — ^Because other 
mvestigators (5) have obtained diffeient results with the mylase digestion, 
experiments w^ere set up to show the effect of the ratio of sample to enzyme, 
and the effect of the concenti ation of the digestion mixture on the time for 
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complete liberation of the pantothenic acid The experiment was planned 
to cover a complete range of dilutions with tw o ratios of sample to enzyme 
(1 1 and 10 1) The digestions were prepared from a solution of dried 
yeast extract containmg 5 ml of 2 m sodium acetate buffer per gm of 
sample and adjusted to pH 4 5 wuth hydrochloric acid The mylase P 
V as added to the yeast extract solution just before the aliquots were placed 
m the digestion tubes Since pipettmg w'as earned out as rapidly as pos- 
sible, little time elapsed before the incubation was started The volume 
of each tube was adjusted woth distilled wmter to correspond to the values 


Table II 

Pantothenic Acid Liberated by Digestion with Two Concentrations of Mylase P at 
Different Volumes and Varying Lengths of Time 

Two stock solutions containing 10 gm of dried yeast e\tract and 50 ml of 2 ii 
acetate buffer were prepared and adjusted to pH 4 5 with HCl 10 gm and 1 gm of 
mylase P w ere added to solutions (a) and (6) respectively and each made to a volume 
of 100 ml Aliquots containing the desired w eight of sample w ere immediately taken 
and made to the indicated volume and incubated at 50° The original solutions wrere 
diluted 10 fold before the last two levels were prepared Samples digested with (o) 
an equal weight of mylase P, (6) with one tenth the weight of mylase P 


Dig«Uon 

volume 

Sample 

weight 

Ratio of 1 
sample to 
volume 

PantotheDic acid per gm 

2 brs ^ 

4 hrs 

6 hrs 

20hra 

(0) 

(6) 

W 

(6) 1 

to) 

(i) 

to) 

V) 

ml 

1 

gm 


r 

7 

T 

y 

r 

y 

y 

y 

5 

\ 0 5 

1 10 

467 

229 

435 

285 

437 

329 

462 

357 

10 


1 25 

463 

279 

442 


447 

347 

449 

387 

20 

0 4 

1 50 

457 

297 

455 


443 

358 

445 

407 

10 

0 1 

1 100 

449 

253 

465 

284 

488 

321 

439 

347 

25 

0 1 

1 250 

454 

209 

474 

256 

449 

311 

454 

347 

40 

0 04 

1 1000 

470 

188 

454 

196 

476 

220 

1 484 

279 

40 

0 02 

1 2000 

461 

171 

460 

180 

451 

187 

1 466 

235 


indicated in Table II Toluene w'as used as a preservative for long period 
digestions The incubation periods were 2, 4, 6, and 20 hours A sepa- 
rate tube was piepared for each time mtertal At the end of each di- 
gestion period the tubes were removed and cooled immediately to 4° and 
stored at that temperature until used for assay the next daj Digestion 
W'as halted by refrigeration rather than by heat in order to mmimize the 
destruction of pantothenic acid The possibility of further digestion m 
the refrigerator was investigated and found to be negligible Table II 
gives the results of the av erage of three separate runs of the same experi- 
ment 
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It Mall be noted that ivith adequate enzyme (column (a) of Table II) 
a 2 bom digestion peiiod is sufficient, a loiigei digestion pciiod gave 
no increase in pantothenic acid liberated and dilution of the digestion 
mixture did not dcciease it Hoivever, ivith less enzyme (column (b) of 
Table II) a longei digestion period was ncccssaiy to hbeiate the panto- 
thenic acid Fuitheimoio, it was obseived that as the digestion mix- 
ture ivas diluted a coiiespondingly mcicased time Mas lequiied, as e\i- 
denced by the amount of pantotlienic acid libciated at the respective 
dilutions and time inteivals With this latio of sample to cnzj’^me (10 1) 
the optimum volume foi digestion appealed to be such that the latio of 
sample to volume xvas between 1 25 and 1 50 

Reco7n7tie?ided Procediae — Place 0 4 gm of hiiely giound sample Math 
0 4 gm of mylase P (the quantity depending upon the potenc30 in a 50 ml 
tube and add 10 ml of 2 pei cent acetic acid and 1 ml of 1 n NaOH, Avlncli 
buffers the leaction at pH 4 2 to 4 5 In the case of liquids or suspensions 
any organic solvent such as alcohol is lemoved Aliquots containing about 
0 4 gm of mateiial are diluted oi concentrated to a volume of 10 ml , to 
winch are added 0 2 ml of glacial acetic acid, 1 ml of n NaOH, and 0 4 
gm of mylase P The mixtuie is alloM^ed to digest 2 to 3 houis m a con- 
trolled watei bath at 50° At the end of the digestion peiiod the samples 
aie made up to 250 ml with distilled Mmter and filtered thiough No 2 
Whatman papei (This filtiation at pH 4 5 lemoves some interfering 
mateiials that may cause variation in the assay ) An aliquot of the cleai 
filtrate is used to make a subsequent dilution containmg about 0 02 to 
0 04 Y of pantothenic acid pei ml In calculating the lesults it is necessarj’’ 
to considei the pantothenic acid contained m mylase P This is detei- 
mined by assa 3 ang mylase P and using this xmlue as a blank IMost lots 
of mylase P have shoMoi a veiy Iom’- blank and theiefoie could be ignored 
except when Iom’- potency mateiial is bemg assayed 

DISCUSSION 

The data heie piesented, supplementing a previous lepoit (3), illustrate 
that the prime factor in the mylase P digestion is the use of an adequate 
quantity of enzyme It is important that each lot of enzyme be tested foi 
activity so that the coirect amount ma 3 ’- be employed The essential 
diffeience in oui method and that of Ives and Stiong (5) is m the quantity 
of enzyme used for digestion Then method called foi m 3 dase P at one- 
tenth the weight of the sample Data presented in Table II compaie the 
results of this level of enzyme (6) Math a level equal to the M^eight of the 
sample (a) The data illustrate that the activit 3 '' of the enzyme is of gi eatei 
moment than the length of digestion peiiod, because even in 20 houis 
Muth cnz3me at a level of onc-tenth the M^eight of the sample maximum 
results Meie not obtained 
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Since mylase P leacts on other material besides combmed pantothenic 
acid, enough enzyme should be supplied to allow full liberation of panto- 
thenic acid m any material, thus it was deemed advisable to calculate the 
quantity of enzyme used on the basis of sample v eight rathei than on the 
content of pantothenic acid Mylase P contains only a small quantity of 
pantothenic acid and hence blank coirections will be sufficiently low m 
most cases In verj' Ion pantothenic acid-containing materials it may be 
desirable to hai^e a lowei blank which can be achieved by dialyzing the 
mylase P (3) 


SUMMARY 

A method is desciibed for the enzymatic liberation of pantothenic acid 
by digestion intli mylase P over periods of 2 to 3 hours Studies were 
made on the factors affecting the mjdase digestion, mcludmg pH, temper- 
ature, incubation period, volume, and ratio of sample to enzyme The 
importance of determming the activity of each lot of enzyme before it is 
used for assa3’’ is demonstrated 
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STUDIES ON CHOLINE ACETYLASE 
IV EFFECT OF CITRIC ACID* 

By DAVID NACHMANSOHN and MICHAEL S WEISS 

(From the Department of Neurology, College of Physicians and Surgeons, Columbia 

University, New York) 

(Received for publication, November 21, 1947) 

Previous investigations have revealed that the formation of acetylcholine 
by the enzyme chohne acetylase requires for maximum activity, m addition 
to the protem moiety, the followmg components K+, Mg^, adenosme 
tnphosphate (ATP), a coenzyme, cysteme, and esenne (1-5) The coen- 
zyme, described simultaneously by Nachmansohn and Berman and Lip- 
mann and Kaplan (5, 6), contains apparently pantothemc acid and seems 
to be the same for all acetylations (7) The cysteme is necessary for keep- 
mg the easily oxidizable — SH groups of the enzyme m a reduced state, 
especially if the enzyme has been prepared from acetone-dned powder 
Esenne has to be added, smce m most preparations some cholmesterase 
activity still remains, mterfermg "with the acetylcholme formation 
Shortly after the discovery of chohne acetylase by Nachmansohn and 
Machado m 1943, it was found that the enzyme extracted from fresh rat 
bram becomes rapidly mactive on dialysis (8) This observation suggested 
either the necessity of a coenzyme or of a precursor of acetate On addition 
of either citnc or L-glutamic acid m rather high concentrations (2 X 10~“ m), 
the enzyme could be partly reactivated (8, 3) This effect was later con- 
firmed and its study was extended by other mvestigators (9, 10), but it has 
not yet been explamed satisfactonly Lipton and Barron proposed as a 
workmg hypothesis that citnc acid may act as a donor of “active acetate,” 
accordmg to the equation citrate ^ oxalacetate -p acetate (active) Ace 
tate may be the degradation product of citrate as v ell as of other precursors, 
but there is no evidence that this is the way citric acid acts under the ex- 
perimental conditions used and that the acetjlation of cholme requires the 
presence of “active acetate ” In expenments in which isotopic acetate 
vas used, most of the acetate of the acetylcholme formed, examined after 
crystallization as the Remecke salt, contamed isotope * This result shons 
that acetate may be used directly and that there is no need to postulate an 
“active acetate” for the acetylation of cholme Moreover, a nearlj’- (and 
often quite) complete reactivation of the enzyme prepared from acetone- 

* This work was aided bj a grant from the Josiah Mac\ , Jr , Foundation 
’ Bloch, K , Berman, M , and Nachmansohn, D in preparation 
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dried powdei was obtained nfiei dialysis if purified coenzyme was added 
In that case, citric acid did not increase the latc of formation The mode 
of action of citiic acid and L-glutamic acid on acetylation of choline remains 
thus unexplained and requii es fui thei investigation 

It appealed mteiesting to lest the elTeet of these compounds in a highly 
active enzyme system Such a ])icpaiation maj’’ be obtained eithei by 
puiification or by extracting the enzjmie fiom a tissue with a high late of 
acetylcholine metabolism A high late of foimation may be assumed 
when the concentiation of chohncsteiase is high, since it is piobable that 
theie is a i elation betn een these two lates An unusually active tissue in 
this inspect is the head ganglion of squid in which 1 gm of ficsh tissue may 
split about 3 gm of acetylcholine pei houi , oi about 30 times as much as a 
labbit brain 

In this papei a highly active choline acetylase piepaiation extiacted 
from the acctone-diied povdei of the head ganglion of squid mil be de- 
scribed as well as its reaction with some compounds used pi e^^ousl 3 '■ m less 
active preparations 


Methods 

Prepat ahon of Enzyme — ^The acetone-dned powdei of the head ganglion 
of squid was piepared in the same way as that of mammalian brain (3) 
One piepaiation may be described as an example 17 5 gm of ganglia 
obtained fiom about thiity squid weie homogenized in 90 cc mth the 
usual ice-cooled phosphate-K+ mixtuie and poured into 2 5 hteis of acetone 
cooled to about — 2° The pi ecipitate was left foi 10 minutes in the acetone, 
then filtei ed mth suction tin ough a Buchner funnel The solid was poured 
agam into 2 hteis of acetone The pi ecipitate was left this time foi 30 
minutes in acetone, then filtered, and diied in the usual waj^ The yield 
was about 1 5 gm of powdei 

The enzyme was extiacted fiom the povdei noth the usual buftei solu- 
tion In the fiist expeiiments, the extiact was centiifuged at 11,000 
BPM in the Serval angle head centiifiige This lugh speed has pioved 
useful foi the exti action ot acetone-dried powdei of mammalian biain and, 
in the expeiiments desciibed in this papei mth mammalian biam enzyme, 
the high speed centiifugation nas ahvays applied AVith the powdei of 
squid ganglion, hovevei, no diffeience vas found uhethei the exti action 
occuiied at 11,000 oi at 5000 r p m and theiefoie the lowci speed was used 
m the latei experiments 

Wlieieas in previous expeiiments, the total volume in the vessel vaiied 
from 4 5 to 5 0 cc , in the expeiiments desciibed in this papei the volume 
used uas usually between 3 2 and 3 5 cc The follomiig volumes of the 
diff ei ent components were put into the vessel 1 6 cc of the enzjuac, 0 1 cc 
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each of eserine, acetate, and choline, 0 3 cc of cysteine, and 0 6 cc of co- 
enzyme 0 2 cc of ATP n as placed m the side bulb as usual The 
coenzyme n as prepared as pon der from hog liver - The 0 6 cc of the co- 
enzyme solution contamed 2 mg of substance, n hich n as found repeatedly 
to be sufficient for maximum activit 3 '’ The final concentrations of all 
compounds nere essentiallj’’ the same as described previously and the re- 
moval of the protem and the bioassay of the ester formed n ere also earned 
out m the usual i\ ay (5) 

Results 

The high rate of acetylcholme formation m extracts prepared from 
acetone-dned powder of the head ganglion of squid is shorni in Table I 

Table I 

Choline Acclylase from Head Ganglia of Squid 
L\tracls prepared from acetone dried ponder Choline, acetate, cjsteine, and 
eserine present in all vessels 


Expenment 

No 


Additioos 

Incubation 

Acct\lcholmc formed 

EnsjTtic 
acli\ it> • 

per \es el 

Per \ csscl 

Per Rm 
per hr 


mg 


min 

/ 

mg 


1 

10 0 

None 

10 






ATP 

10 

BD 

12 6 




“ -f coenzyme 

10 


33 G 

150 0 

2 

14 5 

None 

15 


0 




ATP 

15 


13 S 




“ -t- coenzjmc 

15 


29 2 

139 0 


* ActlVlt^ of the enzyme per gm of protein in mg of acetjlcholinc formed 
per hour 


In extracts prepared from powder of acetone-dned rabbit brain in the same 
way and used m the same conditions except for the higher temperature of 
incubation (37°), 2 0 to 2 5 mg of acetylchohne may be formed per gm per 
hour Smee the extract from the head ganghon maj-^ form more than 30 
mg , tins rate is higher by about 12 to 15 times If n e take into considera- 
tion the difference of the Qr, nhich for the energy -requinng synthesis is 
about 2 (3) and foi the hydroly sis only^ about 1 5 (11), the rate of formation 
is indeed not far from the order of magnitude nhich could lie expected on 
the basis of the rate of acetylcholme hydroly'sis 

The degree of punty is also remarkably higher than m the extracts pre- 
pared from rabbit brain, e\en after high speed centnfugation In two 

'Ate are greath obliged to Dr I V Sweet and Dr G J Manntriiig of P irki 
D IMS and Compan\ , who kindb prepired the cocnri me for u® 
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expenments, 1 gm of protein could form 139 and 150 mg of acetylcholine 
per hour lespectively, compared with 10 4 mg obtained as the highest 
value with the former pieparation 

The effect of ATP is paiticularly stiong m these expenments m which the 
amounts of powdei used are small, equivalent to 10 to 15 mg per vessel 
The concentiation of acet3dGholine foimed after incubation for 10 to 15 
minutes is 1 to 2 X 10~^ m, which is about one-third of the final value 
obtamed after an incubation period of 60 minutes The mitial concentra- 
tion of ATP IS about 1 X 10~^ m The small amounts of acetylcholine 
occasionally found in the absence of ATP in expenments in which larger 
amounts of powdei s are used have obviously to be ascnbed to the pre- 

Table II 

Ecaclivahon of Dialyzed Choline Acciylase Prepared from Acetonc-Dricd Powder of 

Squid Head Ganglia 


ATP, choline, acetate, and eserine always present in the usual concentrations 
The time of dialysis was 2 hours 




Acetylcholine 
formed per gm 
per hr 

Before dialysis 

K, Mg, coenzyme, clsteine 

t»S 

22 4 

Dialyzed 

No additions 

0 


K 

1 4 


“ Mg 

1 7 


“ “ coenzyme 

2 1 


“ “ cysteine 

7 2 


“ “ “ coeuzyme 

22 8 


“ “ “ glutamic acid 

6 9 


i i H (1 t i t i 

' coenzyme 

22 7 


formed ATP or phosphoci eatine phosphoiylating adenosme diphosphate 
to ATP 

The activity of tins powder deci eased slowly Within about 2 weeks, the 
rate of acetylcholme foimation fell to about 22 mg pei gm per houi 
Another powder capable of foimmg 38 8 mg per gm pei hour immediately 
after preparation lost one-half of its activity withm a few days but then 
lemained nearly unchanged for seveial weeks 
Dialysis — On dialysis the enzyme rapidly lost all activity If cholme, 
acetate, eserme, and ATP were added, no leactivation was obtained (see 
Table II) But by adding K+, Mg++, coenzyme, and cysteine, a complete 
reactivation was obtamed n-Glutamic acid had no effect 

Effect of Acetic Acid — ^Whereas, in previous experiments, addition of 
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choline proved always to be necessary, that of acetate had either a weak 
effect or none This could be interpreted as being due to the presence of 
acetate in sufficient concentrations even in dialyzed preparations, since the 
amounts required are small and a piolonged dialysis was impossible, owmg 
to the rapid detenoration of the enzyme 
In view of the high activity of the present preparation, the effect of 
addition of acetate on the reaction was tested As Table III shows, this 
mcreased the rate considerably, suggestmg that the acetate is used for the 
formation of acetylchohne With concentrations rangmg from 7 5 X 10~® 
to 6 X 10~^ M, the rate of formation was raised by 60 to 65 per cent (Ex- 

Table III 

Effect of Acetic Acid and Acetylglycine on Choline Acetylase Prepared from 
Acetone-Dried Squid Ganglia 

In addition to the enzyme, coenzyme, K, Mg, choline, esenne, and ATP are pres- 
ent in all vessels 


Expenment No 

Compound 

Concentration ! 

Acetylcholine 
formw per gm 
per hr 

Increase 



uXtO-i 

mg 

per cent 

1 


1 

1 

3 34 



Acetate 

3 

8 10 

142 5 

2 



6 06 



Acetate 

6 

10 00 

65 0 


tt 

3 

9 56 



tt ' 

1 5 ' 

9 80 



tl \ 

0 75 

9 30 


3 

1 


3 34 



Acetylglycine 1 

5 

3 76 



Acetate j 

\ 3 

7 35 

1 

119 0 

1 


penment 2) Lower concentrations v ere not tested for lack of matenal 
Addition of acetylglycme had no effect m 5 X 10"- m concentration 
Cline Acid — Surprismgly, citric acid had, in this preparation, an in- 
hibitory effect (Table IV), which w'as equally strong on dialyzed and un- 
dialyzed preparations If to the dialj^zed solution, all the usual additions 
were made without citrate, a complete reactivation vas obtained The 
degree of inhibition vaned slightly in the different expenments In Ex- 
periment 1, iMth undial 3 zed solution, 30 5 per cent inhibition nas still 
obtamed with 5 X 10~® m concentration The inhibition could not be 
overcome bj raising the ATP or the cocnzjTne concentration (Table AQ 
Inhibitors of Choline Aeclylasc — ^Two kinds of compounds were found m 
previous obsenmtions to inhibit cholme acetjdase a-keto acids and some 
naphthoqumones The a-ketoglutanc acid v as found to be the strongest 
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inhibitor among the a-keto acids, eflfective in 10~^ m concentration, wliereas 
among the naphthoqumones, 2-methyl-l ,4-naphthoqumone-8-sulfonic acid 

Table IV 


Inhibition of Chohnc Acelylaie by Citric Acid 
Enzyme prepared from an acctone-dncd powder of squid ganglia Additions 
as usual (see Table III) 



Undiab zed 

Dialyzed 

Experiment 

No 

Concen- 

Acetylcholine formed 
per gm per hr 

Inhibition 

Concen 

Acetylcholine formed! 
per gm per hr 

Inhibition 

1 

tration 

Control 

Experi- 

mental 

tration 

Control 

! 1 

Eiperi 

mental 


MX ion 

n 

1 1 

fer cent 

M X10-~ 

I tng 

ms 

per cent 

1 

2 0 

HO 

5 80 

54 G 

3 0 

22 3 

6 1 

72 7 


1 0 

mam 

7 45 ! 

41 8 

2 0 

22 3 

7 9 



0 5 

12 8 

8 90 

30 5 

1 0 

! 22 3 

11 2 



0 25 

12 8 I 

11 0 

14 1 

1 s 

22 8 

13 7 

39 9 

2 

2 0 

17 1 

10 1 

41 0 

2 0 

8 8 

6 2 


3 

2 0 

8 8 

5 8 

29 3 

1 0 

8 8 

1 6 3 

1 

28 4 


Table V 


Citric Acid Effect on Choline Acetylasc in Presence of Increased Concentrations of 

ATP and Coenzyme 

All othei conditions as in Table IV ' 


Experiment 

No 

Concen- 
tration of 
citric acid 

Compound \aried 

Concentration 

Acetj 1- 
cholme 
formed per 
gm per hr 

Inhibition 


M X /0-» 



mg 

per cent 

1 

0 

ATP 

2 6 X 10-3 

12 3 



5 

ft 

2 5 X 10-3 » 

7 5 



5 

if 

5 0 X 10-3 “ 

7 6 

KXI 

2 

0 

Coenzyme 

2 mg per vessel 

14 5 



5 

it 

2 << a if 

12 1 

16 5 


0 


^ (1 fC (( 

12 9 



5 

“ 

^ it << ti 

9 8 

24 0 

3 

0 

“ 

2 if if it 

12 8 



5 

if 

2 if if if 

8 9 



5 

i < 

^ ft ft ft 

S 5 



(K salt), the strongest observed so far (5), had an inhibitory eftect m con- 
centrations as low as 3 X 10~® m 

In contrast to the effect on the preparation from mammalian brain, 
a-ketoglutanc acid had no measurable effect on the present pieparation, 
even m a concentration of 5 X 10~® m The naphthoqumone compound 
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had a strong mhibitory effect which proved to be of the same stiength as on 
the extract prepared from the pov der of acetone-dned rabbit brams (Fig 1) 
Ion Effects — In previous experiments (3, 5), the effect of potassium, 
magnesium, and manganese on cholme acetylase activity was tested It 
TV as found mth potassium that maximum activity is obtamed with a con- 
centration close to 10~‘ M This high concentration is of the same order of 
magnitude as that found m nenm and muscle cells Addition of magnesium 
in about 5 X 10~^ to 1 X 10~^ m concentration and manganese m about 


PER CENT 
INHIBITION 



Flo 1 Inhibitorj effect of 2-iuethj l-l,4-naplithoqumone S sulfonic acid (K salt) 
on choline acetylase Comparison of the degree of inhibition produced on an enzyme 
prepared from rabbit brain and on that prepared from the head ganglion of squid 
• , rabbit enzj me, X , squid enz 3 me 


10~^ ji concentration still further mcreased the rate of formation, although 
only slightly (5) The necessity of the presence of one of these tn o ions is 
not surpnsmg in new of their well known role m phosphorjdation (see also 
“Discussion”) 

It appeared of interest to test the specificity of the potassium effect It 
M as found m experiments on enzjune preparations obtamed from the ace- 
tone-dncd powder of rabbit brain that potassium could be replaced bi 
rubidium Both ions have the same effect when used m the same concen- 
tration In contrast, sodium and lithium have no effect Two expen- 
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ments with K+, Rb+, and Li'*', earned out on the same extract, are repro- 
duced in Fig 2 

Effect of Diisopropyl Fhioi ophosphaie (DFP ) — great vanety of facts 
have revealed that the high toxicity of DFP can be i ef erred exclusively to 
its action on cholinesterase (11-15) The compound docs not interfere 
with the choline acetyiase activity ^n vibo In the case of the electnc 
tissue, it was even effectively used for increasing the yueld of acetylcholine 
formed (5) 


mg ACh 
formed/9/ hr 

©Control 



LOG M CONCENTRATION 

Fig. 2 Effect of potassium, rubidium, and lithium on choline acetyiase prciiared 
from acetone-dried powder of rabbit brain 


The cholme acetyiase activity in the brain of labbits killed by DFP in- 
jection has now been tested In these animals, no cholinesterase activity 
can be detected m brain tissue The complete inactivation of this enzyme 
always coincides with death It appealed desirable to know whether, 
under these conditions, vhen the toxic effect is so strong that death occurs 
the enzyme system responsible for the formation of acetylcholine remams 
imaffected 

Four powders were piepared from rabbit biains m the usual way after 
the rabbits were killed by mjection of DFP, with 1 mg of the compound per 
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kilo of body weight The acetylcholine fonned per gm per hour by these 
four powders was found to be as follows 1 67, 1 69, 2 44, and 1 97 mg 
These values are of the same order of magnitude as those obtained with 
powders from normal rabbit brains 

DISCUSSION 

It is of mterest to compare the reactions of the cholme acetylase obtained 
from mammalian bram with those of the enzyme from sqmd gangha, m 
which the rate of synthesis per gm of protem is about 14 to 15 times as 
high as m the similarly prepared mammahan bram extracts In an en- 
zyme solution with a considerably higher degree of punty, other reactions 
will interfere to a much smaller extent than in less active extracts and the 
probabihty becomes greater that the reactions observed are mtrmsic 
properties of the enzyme studied 

Among the differences between the new and the previous preparations, 
the effects of acetic and citnc acids appear particularly notenorth 3 
Whereas addition of cholme proved to be necessarj"^ m all preparations, 
acetic acid had only a neghgible effect m the extracts used prenously, even 
when they were dialyzed Smce the absolute amoimts of acetic acid re- 
quired are small, it appears possible that these small amounts are present 
m the extracts, even after dialysis earned out for a short penod only 
Moreover, as pomted out by Ochoa (personal commumcation), the ATP 
preparation usually contains small amounts of acetate owmg to the use of 
banum acetate for the precipitation of the nucleotide and may therefore 
supply the acetic acid required The strong effect of acetic acid added to 
the highlj' active enzyme preparation obtamed from squid gangha shows 
that the acetate is used by the enzjme for the acetylation directly and that, 
in this case, no “active acetate” is required 
It has, of course, to be kept in mind that the enzjone is extracted from 
a different source, viz an mvertebrate nerve tissue It n ould be desirable 
to study this reaction m a cholme acetjdase preparation obtamed from 
mammahan brain after punfication Such experiments are m progress 
But the present observations are suggestive m connection with the pre- 
viouslj’- mentioned observations, i e , the findings with the labeled acetate 
and the absence of the citnc acid effect n hen a high rate of acetylcholine 
formation is obtamed m the presence of an actn e coenzjme 
The mhibitory effect of the citnc acid appears at first surpnsmg, m vieu 
of the prenous observations It is possible that the citnc acid remo\ es 
the Mg ions necessaiy for the transphosphoi^dations Mg is probabb 
always present m small concentrations, even after a short diatysis The 
weakness of the effect of added Jtig is probablj ascnbable to the presence 
m the ongmal extracts of Mg m amounts sufficient for a rate close to the 
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maximum The mhibitoiy cil cct of the cil i ic acid is obiamccl ith conccn 
tiations which ai e pi obably siifhcicntly high foi 1 he i omoval of llio Mg ions 
added as well as of those oiiginally picsenl Hie question may be laised 
why no inhibition is found when the citnc ai’id is added in the same high 
concentration to the less active c\t-iacls Tlioi c, how evci , it may Inuc re- 
acted with calcium and othci comjioncnts not piesent heie in siiflicientlY 
high concentiation Imfoi tunatcly, the intei pi etation could not be tested 
expel imcntally since no moie mateiial was available 

The similaiity of the inhibitoiy elTect of the 2-nicthyl-l ,4-naphtho 
qumone-8-sulfonic acid (K salt) on the tw'o cimymc picpaiations suggests a 
specific action on the enzyme piotein If it weie an unspecific icaction, 
foi example, with — SII gioups, which in view of the high c.ystcine concen 
tiation appeals unlikely, it would be difficult to explain why the degiee of 
inhibition is the same m both cases The obseiwation mci eases still further 
the mteiest m the affinity of the naphthoquinones to choline acet 3 dase 
The action of these compounds, tested with a gieat vaiiety of them, will be 
desciibed in a sepaiate papei 


SUMMiVKY 

1 A highly active cholme acetylase piepaiation has been obtained from 
acetone-dned powMer of the head ganglia of squid In these extracts up to 
150 mg of acetylcholme may be formed pei gm of piotem pei hour The 
degiee of puiity refen ed to piotein is about 14 to 15 times as Ingh as m 
the best piepaiations obtained pieviously 

2 On dialj'^sis, the enzyme activity falls lapidty to zero On addition of 
cholme, acetate, K, Mg, coenzyme, ATP, eseiine, and ej'^steme, the total 
mitial activity maj’- be restoied, suggestmg that undei these conditions the 
enzyme system is complete 

3 Wheieas, m pievious extiacts, addition of acetate had eithei a weak 
effect on the s 3 mthesis or none, m this case the increase of the rate of foima- 
tion w^as maiked, showing that the acetate has been used diiectly foi the 
acetylation 

4 In contiast to the effect obseived in pievious piepaiations, citiic acid 
had an inhibitoiy effect, wdieieas a-ketoglutaiic acid had no effect The 
citiic acid possibly lemoves the Mg ions necessary foi tiansphosphoiyla- 
tions 

5 2-Meth5d-l,4-naphthoquinone-8-sulfonic acid (K salt) has the same 
effect on the highly active preparation desciibed here as on the previous 
piepaiations exti acted from mammalian biain The similaiity of these 
two effects suggests a specific leaction with the enzyme 

We ai e gieatly indebted to Di J A Aesclilimann of IIoffraann-La Roche, 
Inc , Nutley, New Jersey, for supplying the naphthoquinone 
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THE RELATION BETWEEN CHEMICAL STRUCTURE AND 
FUNGICIDAL ACTION IN A SERIES OF SUBSTITUTED 
AND UNSUBSTITUTED PYRIDINIUM HALIDES* 

By J C LoCICERO, D E H FREAR, and H J MILLER 

{From the Departments of Agncullural and Biological Chemistry and 
Botany, Pennsylvania Slate College, State College) 

(Received for publication, November 6, 1947) 

Although many pubbcations have dealt with the bactericidal efficiency 
of different types of quaternary compounds, the literature on the use of 
these compounds as fimgicides is stiU very limited Horsfall (1) credits 
Howard and Keil (2) with the first publication on the quaternary com- 
pounds as fungicides 

Howard and coworkers (2-4) reported briefly on the fungicidal efficien- 
cy of the alkyldimethylben 2 ylammomum halides (alkyl = Cio-Cw), 
[R(CH )jC 4 H 5 CH 2 N]‘*'X“, some monobasic derivatives of pyridine, pico- 
hne, lutidme, collidine, qumaldme, qumohne, and, finally, some quaternary 
derivatives of nicotine A high degree of control against dollar spot 
(Sclerohma homeocarpa) was obtained by Keil (5) by the use of dimethyl- 
didodecylammonium chloride, while Dames and Hopperstead (6) found 
dodecylisoqumolmium bromide to be effective in providmg protection 
agamst apple scab {Venfuria tnaequalis) 

The purpose of the present study was to determme the relation between 
cham length and toxicity to fungi m the series hexyl-, octyl-, decyl-, 
dodecyl-, tetradecyl-, cetyl-, and octadecylpjTidmium chlorides, and also 
the effect of alkyl substitutions m the 2 and 4 positions of the pyridme 
nucleus on the fungicidal efficiency of the resultant N-dodecyl-2- and 
N-dodecyl4-allylpyTidmium bromides Several of the compounds re- 
ported m this paper have not been previously described m the literature, 
and for this reason their biological properties should be of considerable 
interest 


EXPERIJIEVrAL 

The alkyl chlorides were prepared from alcohols bj the thionjd chloride 
method (7), prior to fractionation each nas distilled in an ordinary Claisen 
flask, then v ashed three times mth an equal volume of concentrated sul- 
furic acid, vnth water until neutral, and finally dried o\ er anh> drous cal- 
cium chloride Dodecyl bromide was made with concentrated hj drobromic 

* Authorized for publication on Maj 19, 1947, as paper No 1377 in the Journal 
Senes of the Pennsjlvama AEncuUural Experiment Station 
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and sulfuiic acids (8), puiificaiion nas accomplished in the same ^a}' as for 
the cliloiides The puiified halides wcie distilled thiough a packed column 
havmg about fifteen plates with a total leflux, vaiiable lake off head, as 
descubed bj’- Wlutmoie and Lu\ (0) 

The quaternary compounds neic piepaicd by allowing the alkjd halides 
to leact TOth pyiidine oi the substituted pyiidincs in all-glass pressuic 
bottles at 135-140° in a thei mostaticall 3 '' cent i oiled o^ en foi 36 to 18 hours 
Purification wms accomplished by repeated e\ti action ivith pcti oleum 
ether (b p 80°) oi a mixtuie of it with ethjd othei (15 to 25 per cent) in 
which the quateinarj’- compounds wcie insoluble The salts ivere dried 
5 to 6 horns in a vacuum oven at 80° at 35 to 40 mm piessuic This is a 
modification of the piocedure of Deldpine (10) The analytical results 
(presented mth the e\peiimental data in Tables I to III) indicate that the 
compounds w^eie in a high state of pmity 
The toxicities of the p 3 aidmium halides weie detei mined by the slide 
germmation method (11), ivith the conidia of Sderohma fruchcoh, Ven- 
twia t7iaeqiialts, and Alternana oleiacea and the swaim spoies of Phylo'ph 
ihoia tnfesians Dosage-i espouse curves w'eie piepaied foi all compounds, 
and the LDeo values detei mined fiom these cuives 

DISCUSSION 

The first gioup of p 3 aichnium compounds investigated in the piesent 
study consisted of derivatives of unsubstituted pyiidme m w'hich the length 
of the N-alkyl chain was varied fiom 6 to 18 caibon atoms (Table I) With 
one exception, all of the compounds in this series weie chloiides 
Fiom Table I it is apparent that theie is a definite lelhtion between the 
length of the N-allcyl gioup attached to the pyridme inig and the toxicit}’^ 
of the compound to the fungi There weie no significant differences be- 
tiveen the slopes of the dosage-i espouse curves foi this series of compounds, 
and so the LDeo values ma 3 '’ be considered to be a reliable indication of the 
relative toxicities within the gioup. 

Of the individual compounds in this series, the N-he\ 3 d deiivative exliib- 
ited the least toxicity to the fungi As the molecular weight of the N- 
alkyl gioup inci eased, theie w^as a corresponding increase in toxicity up to 
and including the Cm derivative Beyond this pomt, i e with alkyl groups 
containing 16 and 18 caibon atoms, toxicit 3 >' to the fungi deci eased slightly 
The marked in ci ease m the toxicity of the lower members of the senes is 
w'oith 3 ’- of note, paiticulaily m the three compounds wuth 6, 8, and 10 
caibon atoms m the N-alkyl gioup Increase m the molecular weight of 
the substituent gioup beyond the Cio compound resulted in less maiked 
changes in toxicit 3 f In order for a pyiidimum chloiide to possess supeiior 
toxicity to the fungi tested, it appears necessar 3 ’- that the N-allvyl group 
should contain at least 10 carbon atoms 
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"WTien the toxicitj of dodecylpyridmium bromide is compared with that 
of the coi responding chloride, no significant diffeiences aie appaient 


TvBnE I 

Inabjlical and rinigicidal Data on Senes of N -Alkylpyndimxim Compounds 


Compound 

1 

1 

^ Halogen* | 

1 

LDsftt 


1 Calcu 

1 lated 

Deter 
mined ' 

S frucli 
cola ' 

V tn ' 
aeqnalts 

P tnfes 
tans 

A olera- 
eca 

] 

Dodec 3 lpyridimum bromide 

1 per cent 

1 24 39 

per cent 

24 41 

0 29 

0 076' 

0 28 


Hcxxlpj ridimum chloride 1 

1 17 S2 

17 81 

100+ 

14 0 

26 0 

98 0 

Oct } Ipj ridmium " 

, 15 63 

15 37 

S 9 4 

1 0 

5 75 

2 95 

Decxlpjndinium ‘ 

1 13 90 

13 84 1 

0 72 

1 0 19 

0 59 

0 30 

Dodecylpyridmium chloride 

, 12 50 

12 38 ' 

0 29 i 

0 12 

0 34 

0 26 

Tetradecjlpxndimum chloride 

, 11 40 

11 13 , 

, 0 17 1 

0 06 

0 10 

0 22 

Cet}lp 3 ridmium chloride 

10 48 

10 35 

0 22 

0 11 

0 17 

0 38 

Octadecjlpj ridimum chloride 

! 9 68 

9 57 I 

0 33 

0 32 

0 45 

0 38 


* lomzable halogen bj the ISIolir method 

t Concentration of fungicide in micrograms per sq cm required to kill 50 per cent 
of conidia of SclcroHnta fuichcola , Ventuna tnaequahs and AUernana oleracca and 
the snarm spores of Phytophthora tnfeslans 


Table II 

Analytical and Fungicidal Data on Senes of N-Dodecyl 2 all ylpyndinium Bromides 


Compound 

Halogen* j 

1 . 1 


LD»1 


Calcu 
lated 1 

1 

1 Deter 

I mined 

1 

S frnc 
ttcola 

1 tn 
aeguahs 

P in 
festans 

Dodccjlpyndiniuin bromide 

per cent | per cent 

24 39 1 ^ 41 

0 29 

0 076 

0 28 

Dodecjl 2 ethjlpjridimum bromide 

22 43 1 22 10 

0 27 

0 037 

0 28 

Dodecx 1 2 hexj Ipj ridimum “ 1 

1 19 45 1 19 62 

0 44 

0 036 

0 31 

Dodecyl-2 heptj Ipx ridimum bromide 

IS 77 j IS So 

0 16 

0 032 

0 29 

Dodecjl 2(3 octj l)pj ndinium bromide 

18 IS 22 lOti 

0 22 

0 036 

0 IS 

Dodecx 1-2(2 melhxloctjl)pjridimum bromide 

j 17 61 

17 SO j 

0 19 

0 07 

0 05 


* lomzable halogen b^ the Mohr method 

t Concentration of fungicide in micrograms jier sq cm required to kill 50 per cent 
of the comdia of Sclcrolinia fruclicola and I cnluria inacqualis and (he swarm spores 
of Phytophthora infcstans 

+ High halogen indicates deh\ drohalogcn Uion occurred during tlic rCHction with 
the formation of ]n ndine In drobromide 

Of the four fungi u^ed as test organisms m this experiment, V cnluria 
macqvabs t\as least resistant to the compounds tested 

In ordei to determine the effect on toxicitj of alkj 1 groups attached to 
cirbon atoms in the pjTidine ring, two additional series of compounds were 
prepared In the first group (Table II) the parent compound max be ton- 
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sideied to be dodecylpyiidinium bromide The other compounds in this 
group contained alkyl groups attached to the pyridine i mg m the 2 position 
The attached alkyl gioups vaiicd fiom C 2 to Cj, and included branched as 
well as stiaight chain alkyl gioups 

It IS apparent fiom the data in Table II that the inti eduction of an alkyl 
gioup in the 2 position in the pyiidinc iing caused no marked change m the 
toxicity of the dodecylpyridinium biomide The effect of increased molec- 
ular weight m the 2-alkyl substituent gioups was apparent in the LDjj 
values foi one of the thiee test oigani‘>ms, Phijtophthora tnfestaiis In 
Cl eases in moleculai weight inci cased the toxicity towaid this fungus, and 
it may be that the point of maximum toxicity was not reached with the Cs 
derivative With the other test oiganisms, however, there appeared to be 
little effect on toxicity which could be attributed to the 2-alkyl substituent 


Tablc III 

AnalyUcal and Fungicidal Data on Series of N -Dodcci/l- 4 -aIktjlpyridinium Bromides 


Compound 

Halogen* j 

1 


LD„t 


CnlcU' j 
lated 1 

Deter- 

mined 


1 V in- 
oequaltt 

P tn- 
fetleni 

1 

Dodecylpyridinium bromide 

■ 

per cent 

24 39 

per cent 

24 41 

m 


0 28 

Dodecyl-4-butylpyridinium bromide i 

20 80 

20 15 


im 


Dodecyl-4-amylpyridinium “ 

20 OS 

19 60 

0 34 

0 084 

■!»!■ 

Dodecyl-4(3-pentyl)p3’Tidimum bromide 

20 08 

19 35 

0 32 

0 031 

0 25 

Dodecyl-4(5-noayl)pyi idinium bi omide 

17 61 

17 50 

0 21 

0 07 

0 05 


* lonizable halogen by the Mohr method 

t Concentration of fungicide in micrograms per sq cm required to kill 6D per cent 
of the conidia of Selerohnia fruelicola and Vcniuria inaequalis and the swarm spores 
of Phijtophthora infestans 

The final series of compounds studied may be considered to be derived 
from dodecylpyndmium bromide with allcyl gioups attached in the 4 
position Although this senes includes only compounds with 4-alkyI 
groups langmg fiom Ci to Cg, it appeals that inci eases in molecular weight 
of the 4-alkyl groups lesulted in mcieased toxicity to the fimgi As m the 
case of the 2-allcylpyiidinium bromides, it is possible that further increases 
in moleculai weight of the 4-allcyl group might have resulted in further 
increases in toxicity 

Comparison of the toxicity of dodecyl-4-amylpyiidmium bromide 
(straight chain) with dodecyl-4(3-pentyl)pyiidmium bromide (branched 
chain) mdicates that there were no significant differences between the two 
(Table III) It should be noted further that the largest molecules in the 
two latter groups, both with Cg substitution, had identical toxicities to the 
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fungi, even though the degree of branching and the location of the sub- 
stituent groups on the pyridine ring ivere different This suggests that 
neither the degree of branchmg nor the position of the substituent (2- 
versus 4-) on the nng has as important an effect on toxicity as the 
molecular weight 

Of the orgamsms tested, Ventuna tnaequalts was the most susceptible to 
the action of the pyndimum hahdes There were no significant differ- 
ences in the slopes of the dosage-response curves 

Further quaternary denvatnes of substituted pjuidmes are bemg pre- 
pared and tested agamst fungi This work wiU be reported m subsequent 
papers 


SUMMARY 

Three groups of pyridmium halides, comprismg seventeen compounds, 
were prepared and tested against four species of fungi In the first group, 
N-allqrl derivatives of unsubstituted pyridme, there was a significant rela- 
tion between the length of the N-alkyl cham and toxicity, the maximum 
effect bemg observed m compounds havmg a Cn group In the other two 
groups, 2- and 4-alkylpyTidmium bromides, there were less marked varia- 
tions m toxicity, although m general compounds having substituent groups 
of higher molecular weight showed the highest toxicity There were no 
significant differences attributable to position of attachment or degree of 
branching of the substituent group attached to the carbon atoms of the 
pyndme nng 
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THE COLORIMETRIC DETERMINATION OF BLOOD 
CHLORIDE BY THE lODOMETRIC METHOD 

Br HENRY A STIFF, Jr 

{From the Department of Pathology, Southwestern Medical College, Dallas) 
(Received for publication, November 6, 1947) 

The lodometnc method of Sendroy (1) for the determination of chloride 
as modified by Van Slyke and Hiller (2) leaves httle to be desired as a 
volumetnc procedure A colorimetric method of comparable accuracy 
and simphcity may have some advantages, however, paiticularly when a 
number of determinations are to be done at the same time or the amount 
of material is small Colorimetric methods based on the lodometnc pro- 
cedure have been descnbed by Sendroy (3) and Hoffman (4), but they aie 
not comparable to the volumetnc method in simplicity and accuracy 
The method presented in this communication is simple, accurate, and 
rapidj It utihzes an lodometric ion exchange identical with that of Van 
Slyke and HiUer, so that the same reagents aie used and either the volu- 
metric or colonmetnc procedure, or both, may be performed on the same 
sample 


Reagents 

With the exception of the 100 m&i standard and the dilute thiosulfate 
reagent, the remaining reagents are the same as those of Van Slyke and 
Hillei (2) Their original paper should be consulted for a more complete 
discussion 

The 'phosphonc-iungstic aad, 0 9212 n thiosulfate, 0 02S0S n thiosulfate, 
silver lodate, and sodium iodide are as specified by Van Slyke and Hiller 
( 2 ) 

100 mu chloride standard Fill a 250 ml lolumetric flask to the mark mth 
phosphoiic-tungstic acid To this add 10 ml of 0 1 m NaCl 

Dilute thiosulfate reagent Accuratelj’^ measiiic 7 5 ml of 0 02303 N 
thiosulfate into a 200 ml volumetric flask and make up to i olume iiith 
distilled water Ihis solution should be made fresh each daj 

Procedure 

(1) In a 10 ml centrifuge tube place 5 ml of phosphonc-tungstic 
icid With an accurate w ash-out pipette add 0 2 ml of serum or 
plasma (2) In a second centrifuge tube place 5 ml of 100 mu chloiide 
standard (3) To each tube add approximatelj GO mg of sili or lodate 

dll a small glass spoon Stopper w ith a rubber stopper and sli ike a igor- 

C95 
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ously for 40 seconds Centrifuge for 1 minute at 2500 r p m (4) To cacli 
of two colorimeter tubes (Evelyn coloiimetei) add approximately 200 mg 
of sodium iodide and 5 ml of watei Tiansfei 0 5 ml of the clear supei- 
natant from each centrifuge tube to its respective coloiiraeter tube 
Add 10 ml of dilute thiosulfate leagent to each Mi\ and read against 
a water blank at 420 mju 


where Lu 


Calculation 


25 Lu 
L. 


75 *= niM Cl per liter 


(2 — log GO for the serum and L, = (2 — log G) for the standard 



70 80 90 100 110 120 

CHLORIDE CmM per Mer) 

Fig 1 Relation between chloride concentration and per cent transmittance 
Curve A, 75 msi of chloride removed, Curve B, 1 100 dilution Evelyn colorimeter, 
Filter 420 


EXPERIMENTAL 

Spectiophotometnc studies indicate that the iodine color has a maximum 
absorption in the legion of 400 mu The spectial tiansmission cuive 
then slopes off to a minimum at 650 mju Piopoitionality cuiwes were 
mn at 10 mja intervals fiom 400 to 650 mju There is piacticall}’’ no devia- 
tion fiom a stiaight line up to 430 m/i 
The effect of fading up to a pei lod of 5 houis is negligible The intensity 

of the color vanes slightly Avith tempeiatuie, a fact noticed by Hoffman 
(4) and confirmed m this laboratorj-' Foi this leason a standard is run 
foi each set of determinations instead of using a leference cun>'e 

Sendroj’’ and Hoffman haA’^e adapted the lodometiic piocedure to the 
coloiimeter, bunging the final color into the range of the mstniment by 
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extensive dilution This results in considerable loss of sensitivity as may 
be seen in Curve B, Fig 1, where one scale division on the Evelyn colori- 
meter IS equivalent to 3 3 mii of chloride By removmg the color produced 
by exactly 75 mM of chloride with thiosulfate, it is possible to determine 
the remainmg 25 to 35 mji with a degree of sensitivity comparable to the 
best volume tnc methods Cuiwe A in Fig 1 shows the range obtained 


T\bi.b I 

Comparison of Colorimetric Method with Volumetric Method of Van Slyle and Hillei 


Colorunetnc 

method 


mu per I 

84 9 
91 0 
91 3 

96 0 

97 2 
99 6 

101 0 
101 0 
101 6 
101 8 
102 2 
102 3 
102 4 
102 9 

102 9 

103 9 

104 0 
104 0 
104 0 
104 0 
104 2 
104 6 

104 9 

105 0 
105 2 


Average 


Volumetric 

method 


fitjr per I 
81 
94 
90 
94 
94 

97 

98 
101 
104 
101 
101 
100 
102 

104 
102 

105 
102 
104 
108 

106 

104 

105 
107 
109 
103 


Difference 


mir per I 

4-3 9 
-3 0 
+l 3 
+2 0 
+3 2 
+2 6 
-f3 0 
0 0 
-2 4 
-fO 8 
-hi 2 
+2 3 
-hO 4 
-1 1 
-hO 9 
-1 1 
4-2 0 
0 0 
-4 0 
-2 0 
4-0 2 
-0 4 
-2 1 
-4 0 
4-2 2 


Colorimetric 

method 


mu per t 

105 4 
105 6 
105 6 
105 8 

105 8 

106 2 
106 4 
106 8 
106 8 

106 9 

107 1 
107 1 
107 1 
107 6 

107 8 

108 0 
108 3 

108 3 
108 8 
108 8 

109 1 

109 8 

110 1 
110 8 
113 0 


104 20 


Volumetric 

method 


mu per I 
108 
108 
106 
107 
107 

no 

106 

107 

106 

107 
106 
106 
104 

108 
109 
108 
112 
112 

109 

110 
110 
110 
109 
112 
114 


104 &i 


Difference 


msf per I 
-2 6 
-2 4 
-0 4 
-1 2 
-1 2 
-3 8 
4-0 4 
-0 2 
4-0 8 
-0 1 
4-1 1 
4-1 1 
4-3 1 
-0 4 
4-1 1 
0 0 
-3 7 
—3 7 
-0 2 
-1 2 
-0 9 
-0 2 
4-1 1 
-1 2 
-1 0 


±1 58 


by this procedure here one scale division on the colonmeter represents 
from 0 5 to 0 8 mji of chloride 

Table I gives a comparison of the results obtamed by the colorunetnc 
method described and the volumetnc method of Van Slj'ke and Hiller mth 
1 ml of serum Normal and pathological sera are included, as veil as 
sera to uhich sodium chloride solution or water has been added to increase 
or decrease the chloride content 
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Both methods aie subject to one inherent souicc of erior common to 
pioceduies involving removal of protein piecipitation, namel}'-, the 
volume eiioi introduced by the piotcm piecipitate To determine the 
extent of this eiioi, the piotein precipitates from 1 ml of foui normal sera 
were dried to constant weight and then volumes determined by vatei 
displacement The average weight of the precipitates was 0 1361 gin , 
and the average volume occupied was 0 0757 ml Tins volume introduces 
an error of only about 0 3pei cent, n Inch may be disiegaided 

DISCUSSION 

The essential feature of the coloiimetiic method described is a gieatl}- 
increased sensitivity obtained by lemo^^ng with thiosulfate the iodine 
produced by a standard amount of chloiide before the final reading The 
removal of iodine equivalent to 75 dim of chloiide pei liter of seioim is 
suitable for most human seia, since values below this figure aie seldom 
encountered Under special ciicumstances the conditions may' be varied 
by adding moie oi less 0 02303 n thiosulfate to the dilute thiosulfate lea- 
gent, 1 ml of 0 02303 n thiosulfate being equivalent to 10 miu of cliloiide 
Any photoelectiic color imetei with piovision foi leading at a wave- 
length fiom 400 to 430 m/x can be used The Evelyn macio coloiimetei 
employs a 2 cm cell, in instiuments with a 1 cm cell appi oximately twice 
the coloi intensity may be read Adjustment foi a 1 cm cell thickness 
may be obtained by adding 2 5 ml of water instead of 5 ml and by using 
5 ml of a thiosulfate icagent made by diluting 7 5 ml of 0 02303 N thio- 
suKate to 100 ml 


SUMMARY 

A simple accurate coloiimetiic method foi the deteimmation of blood 
chloiide IS piesented 

The method compares favoiably with the volumetiic method of Van 
Slyke and Hillei 

The authoi wishes to express his appieciation to Di Gladj'-s J Fashena 
for her helpful advice and suggestions 
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PLASIMA ACCELERATOR GLOBULIN PARTIAL PURIFICATION, 
QUANTITATIVE DETERMINATION, 

AND PROPERTIES* 

ARNOLD G WARE and WALTER H SEEGERS 
{From the Department of Physiology, Wayne University, College of Medicine, Detroit) 

(Received for publication, July 21, 1947) 

It has been shown that plasma contains a factor which accelerates the 
activation of prothrombm by thromboplastm and calcium ions (1-5) We 
refer to this factor as Ac-globuhn (5) 

In this paper we descnbe a method for the quantitative determination 
of Ac-globulm which is essentially an adaptation of the two-stage method 
for prothrombm analysis Preparative methods are outhned which have 
yielded products which appear to be about 50 per cent pure by electrophore- 
sis Ac-Globulm is shown to be similar to prothrombm m many of its 
properties Purified preparations of Ac-globulm have been found to be 
less stable towards heat than punfied prothrombm In oxalated bovme 
plasma, stored at 5“, Ac-globuhn is qmte stable 

Deterrmnahon of Ac-Glohuhn Activity 

Theory — ^When punfied prothrombm, of the type described by Seegers, 
Loomis, and Vandenbelt (6), reacts with thromboplastm and calcium ions, 
accordmg to the specifications of the two-stage techmque (7-9), thrombin 
formation is very slow It is now known that the slow activation rate is 
the result of the removal of Ac-globuhn from the prothrombm dunng the 
purification procedure By replacmg the Ac-globulm lost m the punfica- 
tion processes, the rate of thrombm formation is greatly increased and the 
final thrombm yield is almost doubled This effect is illustrated m Fig 1 
The curve at the extreme right represents the activation of punfied pro- 
thrombm alone By addmg mcreasmg amounts of Ac-globuhn, the ac- 
tivation rates are mcreased m proportion Usmg a large amount of Ac- 
globulm shortens the conversion time to 3 mmutes This is comparable to 
the rate of activation of native bovme prothrombm 

It IS apparent that a quantitative relationship exists betw een the pro- 
thrombm activation rate and Ac-globuhn activity, provided that other 
factors which effect prothrombm activation are kept constant, namelj, 
prothrombm concentration, temperature, pH, calcium ions, and thrombo- 
plastin Except for a constant prothrombm concentration, these require- 
ments are fulfilled in the two-stage assaj procedure To control pro- 

* Aided bj a grant from the Lnited States Public Health Sen ice 
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thrombin concentiation a standaid punfied piothrombm preparation is 
used 

Slandardizahon of Prothromhin — ^The most highly purified pieparations 
descnbed by Seegeis, Loomis, and Vandenbelt (6) are us6d The con- 
centration IS adjusted to give 12 second clottmg with fibimogen Avhen 
completel}’^ converted to thiombm m the piesence of an excess of Ac- 
globuhn Beef serum, diluted 800 tunes, is a suitable source and concen- 
tration of Ac-globulm foi this purpose The standard prothiombin is 



I'lG 1 Acceleration of prothiombm activation ivith increasing concentrations of 
Ac-globulin Ihc concentrations of Ac-globulin arc represented bj' the numbers on 
the curves In all instances the prothrombin concentrations were the same Tem- 
perature (2S'’), calcuini, NaCl, thromboplastin, pH, and hbnnogen were constant 
throughout The upper right-hand curve was obtained without adding Ac-globulin 
The solid lines indicate the clottmg time coordinates 

next activated under the same conditions without the addition of seium 
A curve similar to the one at the extreme light of Fig 1 is obtamed T his , 
then, mdicates how much Ac-globulm, if any, is piesent m the standard 
prothrombm (traces may also be present m the thromboplastm) Now 
one is prepared to deteimine the concentration of Ac-globulm in an un- 
knovm 

Assay Procedure — The standard prothrombin is mixed with an unknown 
quantity of Ac-globulm Data on thrombm formation are again obtained 
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The rate of tlirombin formation is then plotted m Fig 1 and an estimate 
of Ac-globuhn activity in the unknowm can be calculated If the curve 
does not fall between Curves 16 and 128 m Fig 1, a new dilution of unknomi 
should be made because this is the most accurate working range When 
Curve 1 m Fig 1 is duplicated, the Ac-globuhn concentration in the final 
reaction mixture is, by definition, 1 1000 of a unit per ml Curve 2560 
at the extreme left can be obtamed -wnth 2 56 umts of Ac-globulm per ml 
When the unknoira activation curve is defimtely located in Fig 1, the 
points where it crosses the 18 and 15 second clotting time coordmates (the 
hea\y lines) are used for mterpolating the final concentration of Ac-globuhn 

If the unknmvn Ac-globulm sample contains prothrombin, the concen- 
tration of the latter must first be determmed quantitatively The standard 
prothrombm solution must then be adjusted to account for the additional 
prothrombm wluch is introduced by the unknown itself 

Analytical Results — ^When fresh oxalated bovme plasma is used as a 
source of Ac-globuhn, it is found to possess about 150 umts per ml In 
other words, the concentration of Ac-globuhn in plasma is 150,000 times 
that amount present m the reaction mixture which gave the activation 
Curve 1, Fig 1 It is thus seen that the Ac-globuhn activity of plasma 
IS very high By comparison, plasma prothrombin, diluted to the same 
extent, caimot be detected The best Ac-globulm preparation which we 
have made to date possessed a specific activity of 330 umts per mg of 
dry weight This was not a pure product but an important calculation 
can be made Smce bovine plasma contains about 150 umts of Ac-globulm 
per ml , it follows that Ac-globuhn constitutes less than 0 7 per cent of the 
total plasma protems m bovme plasma and would not be detected by 
routine electrophoretic analysis 

Properties of Ac-Globulin 

Ac-Globuhn has properties vhich make complete chemical separation 
from prothrombm difficult Like prothrombm, it is precipitated almost 
quantitatively from acidified diluted plasma, pronded a special antico- 
agulant (10), low m electrolyte concentration, is used When the pre- 
cipitate derived from acidified diluted plasma is redissolved m oxalated 
salme, the new factor can be adsorbed on magnesium hydroxide It can 
then be eluted with carbon dioxide and a relatively stable product is ob- 
tamed In contrast to prothrombm it cannot be eluted mth phosphate or 
citrate buffers, because those eluates are quite alkahne, leading to destruc- 
tion of Ac-globulm activity Aluminum hydroxide can also be employed 
for adsorption Furthermore, it is then possible to elute Ac-globuhn 
with phosphate buffer and obtain a stable product Ac-Globuhn is less 
soluble m concentrated ammomum sulfate solutions than prothrombm It 
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IS watei -soluble but is precipitated from aqueous solutions almost quanti- 
tatively at pH 5 4 


Preparation of Ac-Gldbulin 

The following method foi punfymg Ac-Globuhn has been the most 
successful of many procedures attempted With this proceduie, we have 
made many preparations of Ac-Globulm of high purity and potency 

Prothrombm pioduct No 3, described by Seegers, Looims, and Vanden- 
belt (6), IS first prepared exactly as descnbed Cool to 0°, with stimng 
add dropwise an ammomum sulfate solution (satuiated at 25°) to 30 per 
cent of satuiation Stiam off the fibimogen and remove the lemammg 
suspended protem by centiifugation at 0° Discard the precipitate which 
is largely inert and add saturated ammonium sulfate dropivise Avith stirnng 
to 50 pel cent of saturation Let stand at 0° for 20 minutes to permit 
settling of moigamc salts The piotem precipitate, which contains most 
of the Ac-gjobulm, does not settle during this penod and it is then lemoved 
f 1 om the supernatant fluid by centrifugation at 0° Dissolve the precipitate 
in 100 ml of ice-cold watei At 0° add saturated ammonium sulfate 
dropwise with stimng to 45 pei cent of satuiation Discard the super- 
natant fluid which contains piothrombm in appreciable quantities Dis- 
solve the pi ecipitate m 10 ml of ice-cold water and dialyze agamst repeated 
changes of ice-cold distilled water at pH 7 0 until the specific resistance is 
3000 to 4000 olims when measured at 5° The dialysis piocedure should 
not lequiie moie than 14 houis oi laige losses of Ac-globulm activity will 
occui The Ac-Globuhn can now be purified by isoelectric fractionation 
Adjust the pH to 7 0 and centrifuge at 0° Discard the precipitate, which 
contains some Ac-globulm and i datively large amounts of meit protein 
Acidify the supernatant fluid to pH 5 4 by adding 0 1 N hydrocliloric acid 
wth stirring Remove the precipitate by centnfugation at 0° The 
supernatant fluid contains veiy little Ac-Globuhn but relatively laige 
amounts of piothiombin The pi ecipitate represents the final punfied 
product It IS dissolved m 10 ml of cold watei with addition of 0 1 n 
sodium hydroxide to pH 7 0, care bemg taken to avoid local excess of 
alkali by stirring The product can be dried from the frozen state without 
loss of activity 


Electrophoresis of Punfied Ac-Globuhn 

The best Ac-globuhn prepaiations we have to date are not stable foi 
sufficient time to maintain full activity during electrophoretic examination 
in the Tisehus apparatus It is nevertheless possible to gam much infor- 
mation from such studies A pi eparation possessmg 3500 units per mg of 
tyrosine n as placed in phosphate buffer of pH 7 4 and 0 2 ionic strength 
This preparation contamed about 5 per cent prothrombm as impunty 
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Iheic lb onlj slight cMclence of this lapidlv moving piothiombin in the 
pnttem shown m Fig 2 Iwo majoi components piedommate One 
of these mo\ed witli a mobility of —2 96 X 10“^ which coiiesponds to 
j3-globuhn The othei component gave the mobility value, —4 73 X 
10“^ It ^ erv hkeh lepiesents Ac-globuhn This mobility is thus gieatei 
than that foi a-, oi 7 -globuhn If we assume that this lapid moving 
component lepiesents Ac-globuhn, then our product is somewhere in the 
neighborhood of 50 per cent pine This would mean that Ac-globuhn 



Fig 2 Electrophoretic pattcin of purified Ac-globuhn at pH 7 4, phosphate 
buffer, ascending boundarj at 118 minutes The beginning boundan is at the left 


Tabie I 

Slabthly of Ac Globtthn in Oxalaled Bonne Plasma at 5° 


Dajs of storage 

Ac Globulm 

Cow 1 

1 Cow 2 

Cow 3 

Cow 4 

Cow 0 


units per ml 

units per ml 

units per ml 

units per ml 

units per ml 

0 

130 

140 

140 

140 

140 

5 

138 

120 

no 

115 

130 

10 

115 

165 

100 

120 

105 

20 

80 

95 

100 

120 

105 

40 

no 

70 

90 

95 

95 

60 

80 

70 

90 

95 

1 

85 


comprises from 0 4 to 0 5 pei cent of the total protem concentration in 
bovine plasma {cf discussion above) 

Stability of Ac-Globuhn 

A study has been made of the stability of Ac-globuhn in storage plasma 
At the slaughter-house 7 parts of cow blood weie mixed with 1 part of 
1 85 per cent potassium oxalate The oxalated blood was cooled, taken 
to the laboratorj”^, and centrifuged at 0“ Plasma obtained m this manner 
from five cow s w as stored at 5° and Ac-globuhn analj ses w ere made at 
regular inteiwmls Table I contains a summary of the results obtained 
over a period of 60 daj's It is clearly shown that Ac-globulm is quite 
stable m oxalated boi me plasma stored under these conditions 
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In coutiast aqueoub solutions of puiified Ac-g,Iobuhn lose activity lapidlj^ 
It, theiefoie, was of intciest to stiuh inactivation at vaiious tempeiatuies 
A inoduct Milh a specific activit3'- of 1000 units pei mg of tyiosme was 
placed in neiitial saline solution and aliquot poitions w eie heated at vaiious 
tempeiatuies foi 30 minutes The lesults aie piesented in Fig 3 and 
aie compaied with piothiombin inactivation cuives published bj'- Seegeis 
(11) in 1940 His inactivation cuives weie obtained by exactly the same 
techniciue He pointed out that heat-tieated piothiombin is less leactive 
to thiomboplastin than piothiombin not heated (11) By alloiving moie 
time foi thiomboplastin to act he minimized the effect of Ac-globuhn 



DEGREES CENTIGRADE 

I'lc 3 In.icfiv'ition of puiificcl Ac globulin bj heating to various tcn'ipei'ituics foi 
30 minutes in neutial s ilint solution 3 he cui ves foi piothiombin in ictivation uiidci 
siiiiil ir conditions are repioduced fiom pievioublv imlihshed d.ita (111 Aiea Y repie 
sents tc globulin destruction 

destiuction This compensation foi Ac-globuhn destiuction is indicated 
by Aiea Y in Fig 3 

DISCUSSION 

We behete that Ac-globuhn is identical with the acccleiatoi factoi 
icfeiied to in a piehmniaiy lepoit by Fantl and Nance (1) and wnth factoi 
V of Owicn (2, 3) Oui pichminaij’^ lepoits (4, 5) do not lefci to Ownen’s 
woik because we weie not aw aie of his contiibution wdnch he indicates 
was hist announced in 1944 Due to the Wai, this announcement ap- 
paiently did not come to the attention of Fantl and Ahance 

The question ma-\ be asked whcthei Ac-globuhn could not be logaidcd 
as the hvpothetical piothiombin V of Quick (12) In agi cement with 
Fantl and Nance (1) we do not considoi that eonclnsion possible foi sevcial 
icasons Ac-Globulin is cpiite stable in oxalated bovine plasma and is 
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'idsorbed on magnesium hydroxide and alummum hydroxide Qmck 
linds the opposite for his factor and m addition he has not descnbed pro- 
thrombin A as an accelerator of prothrombin activation (12-16) The 
phenomena which Quick has descnbed as indicatmg two prothrombms 
(12) have been found to be largely due to the mixmg of plasmas of dif- 
ferent species and to the effects of storage on plasma fibrmogen reactivity 
( 17 ) 


SUMMARI 

Plasma contains a factor, Ac-^obulm, which accelerates the activation 
of prothrombm m the presence of thromboplastm and calcium ions It 
has been obtained m concentrated form This globiilm is less soluble m 
concentrated ammomum sulfate solutions than prothrombm It is far 
more sensitive to heat than prothrombm It is adsorbed on magnesium 
hydroxide and alummum hydroxide It is stable m storage plasma Its 
concentration m bovme plasma is less than 0 7 per cent of the total plasma 
proteins A quantitative method for the detennmation of Ac-globuhn 
IS descnbed With the aid of reasonable assumptions it has been shown 
that the electrophoretic mobihty of Ac-globuhn is —4 73 X 10~® in phos- 
phate buffer of pH 7 4 

We wish to thank Mr Carl Hyde for techmcal assistance, Dr J M 
Vandenbelt for placmg electrophoretic data at our disposal, and Parke, 
Davis and Company for large quantities of plasma and for funds for re- 
search m Physiology 
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THE ENZYMVTIC' EXTRACTION OF RIBOFLAVIN FROM 
PORK FOR THE FLUOROMETRIC DETER:MINATI0N* 

Bi B1:TT\ M ^\ATTS,t DV HWLI PFXG.t and N'ETTIE C ESSLLBVLGII 

(From the Stole LoUege nf B ashinglon, Dinsion of Home Cconomtcs of the 
Ivsliliile nf Agricultural Science^, Pullman) 

(Rcccnod for publiration, October 24, 1917) 

riie liter ituic contains a nnmbci of references to apparent increases in 
nboflaN in as measured b\ cither microbiological oi fluorometnc proceduies 
when larious raw foods aie cooked or piocessed Rice et al (5), usmg a 
microbiological method found a large mciease m the nboflavm content of 
pork stored at 4° and at room tempera tuie foi some days The 3 ’^ attributed 
the mcrease to bactenal synthesis of nboflavm, smee visible spoilage oc- 
curred in all samples showang the increase Hmraan et al (3), m an e\- 
hausti\e study employmg both miciobiological and a \anety of fluoro- 
metnc procedures, foimd a definite mcrease in nboflavm on braismg of 
beef Gleim ci al (2), using a fluoiometnc method, report letentions 
around 100 per cent when canots were boiled, but apparent retentions of 
approximately 130 per cent when the canots were held 1§ to 3 hours at 
60-70° Richardson cl al (6) obtamed apparent retentions m excess of 
200 per cent on canning beef (fluorometnc procedure), but when the expeii- 
menls were repeated by the rat growth method, the raw samples of meat showed 
a ribojlamn content almost 3 times as high as was indicated by fluorometnc 
analysis, and a slight loss of nboflamn occurred on canning 

Similar large apparent mci eases have been noted frequent^ m this labo- 
raton durmg lecent months w ith fluoiometnc piocedures Murray^ found 
retentions up to 150 pei cent when dned peas were soaked and cooked 
McGregor- found mcieased amounts of nboflai m m lamb after 6 months of 
freezing storage and still higher amounts aftei 9 months, as well as laige 
increases on cannmg Watts and Peng’ obtamed apparent retentions 
which sometimes exceeded 300 per cent on the dry, fat-fiee basis when 

* Published as Scientific Paper Xo 74b, College of Agriculture and Agricultural 
C\pcriment Stations, Institute of tgneultural Sciences State College of Washington, 
Pullman, Washington 

t Present address. College of Ilome Economics, Sincusc Eniiersitc, SjTacuse, 
Xew \ork 
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poik libs and loins were held m fieezmg stoiage foi 9 months, then roasted 
Tlie inci eases neie consideiably greatei in poik cooked aftei fieezmg than 
in paiied cuts cooked befoie fieezmg Thcie neie no visible signs of spoil- 
age and the poik lated good to excellent in palatabihty tests 
Many of the miciobiological and fluoiometiic pioceduies, as cuiiently 
used, depend upon a preliminary heating (boiling oi autoclaving) m acid 
solution, followed by an enzymatic digestion with claiase oi othei com- 
meicial enz 3 '-me prepaiations to fiec iiboflavm fiom combinations in the 
tissues The kinds of food piocessmg which have icsulted in an appaient 
inciease in iiboflavin ha'vc in common the fact that the law tissue is exposed 
foi a period of time to its oivn enzymes befoie these enzymes aie destioyed 
by heating at the pH of the onginal tissue Dining biaismg of beef roasts 
oi canning of meat, the temperatiiie uitliin tlie meat oi can uses sloivlj'-, 
enzymatic activity might be expected to be acceleiated at least duimg the 
piehmmaiy stages of such cooking 

The evidence pomts to the possibility of a iiboflavm combmation m 
tissues which is onty paitially lelcased bj' claiase and othei commonlj'^ used 
commeicial enzyme pieparations actmg on heat-denatuied tissues, but 
which may be leleased by enzjmies wathm the tissue itself The piesent 
study w^as designed to test this l^pothesis by compaiing iiboflavm values 
obtained on the law^ poik liy a wndety used fluoiometiic pioceduie WTth 
\ allies obtained on the same poik aftei a piehmmaiy autodigestion 
In view of the diffeiencc m time of extinction lecommendcd by Connoi 
and Stiaub (1) and Peteison, Biadj’", and Shaw’’ (4), it also seemed advisable 
to investigate fuithei the time factoi m lelation to the penod of incubation 

Pwccduic 

The nb ej^c (longissimus domi) muscle fiom fiesh poik w'as used foi all 
expenments Meat w'as obtained fiom a local butchei The muscle was 
trimmed, put thiough a meat gimdei, and thoioughty mixed Samples 
not used immediately weie heat-sealed m pliofilm and fiozen at —17° 
until icady foi use 

The fluoioraetuc pioceduie of Peteison, Biady, and Shaw' (4) was used 
with a slight modification of the exti action piocess as follows 

Duplicate samples (45 gm ) of the giound meat w'eie w'eighed and blended 
foi 2 minutes m a Waimg blendoi with 105 ml of 0 04 N siilfuiic acid 
35 gm diquots of this total suspension (10 5 gm of meat) weie then tians- 
fci 1 cd to 100 ml % olumctric flasks To each flask w ei e added an additional 
35 ml of the acid I’lie flasks weie then heated m a boiling w'atei bath foi 
1 houi with fieciucnt agitation and cooled to below 50° To cadi flask 
was added 0 5 gm of claiase and the pll adjusted to i 5 with 0 5 k sodium 
acetate, wnth biomocresol green as an outside indicator The mixtuic 
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incubated at 45° overnight (15 to 16 hours), cooled, made up to 100 ml 
\nth distilled vatei, mixed, and filteied If necessaiy further dilution to 
an estimated iiboflavin concentiation of 0 5 to 20 7 per ml was made 
The deal filtiate was used for fluoiometiic assaj’’ as described by Peterson 
ct al (4) ^Vll opeiations weie earned out in semidarkness 

Two aanations of the extraction procedure w'ere tned m order to m- 
1 estigate the effect of prehmmarj'- digestion by en2ymes m the meat In 
the fiist vanation, the meat was allowed to digest without claiase, then 
heated with acid, and finall3' digested wath claiase In a second variation, 
clarase was added and allowed to act wnth the meat enzymes The sample 
was then heated with acid and anatyzed without any further digestion of 
the heated material Details of the procedures w'eie as follows 

Vanation 1 — 15 gm samples of meat W'ere blended ivitli 55 ml of dis- 
tilled watei and 10 ml of chloroform to prevent bacterial growth The 
blender jai was covered with alummum foil to prevent evaporation and 
the blended samples weie meubated at 45° for 16 hours At the end of the 
incubation penod 40 ml of 0 1 N sulfuric acid were added (wuth the same 
total acid concentration as m the standard sample) and the sample again 
.blended Three 35 gm ahquots lepresentmg m this case 10 5 gm of meat 
Mere then transferred to 100 ml volumetnc flasks and the analysis com- 
pleted as m the standard method 

Vanation 2 — 15 gm samples of meat were blended -with 105 ml of 0 04 
N H2SO4, as m the standard method 35 gm ahquots of the total sus- 
pension were transferred to 100 ml volumetnc flasks The pH, m all 
cases higher than 4 5, w as adjusted to 4 5 by the addition of 0 04 n sulfuric 
acid 0 5 gm of claiase and 3 ml of chloroform weie added to each flask, 
mixed, and incubated for 16 hours At the end of the mcubation period 
0 04 N H2SO4 was added to make a total of 35 ml of added acid The 
digest was then heated m the boiling water bath for 1 hour, cooled, pH 
agam adjusted to 4 5 wuth 0 5 N sodium acetate, and made to volume watli 
distilled w^ater Agam the analysis was completed as m the standard 
method Smee most of the chloroform w^as evaporated durmg the heatmg 
penod, no coirection was made foi volume occupied b^ the chloroform 
m Vanations 1 oi 2 

Periods of mcubation time langmg from 6 to 72 hours were investigated 
with both the standard method and A^’anation 2 

Results 

Extraction of nboflavm from law pork is increased by an mcubation 
penod prehminarj to the heat treatment (Table I) With autodigestion 
plus clarase the nboflavm was markedly mcreased, as compared wath the 
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standard method This is tuie whethei the enzyme piepaiation was added 
to the autodigest aftei the heat tieatment (^^aiiation 1) oi at the beginning 
of the prehmmai}'- incubation (Vaiiation 2) The somcnhat highei values 
obtamed in Vaiiation 2 as compaied to Vaiiation 1 may be due to any one of 
seveial causes, ic , (1) to the fact that autodigestion was earned out at a 
lowei pH (4 5 m Vaiiation 2 as compared mth the oiiginal pH of the meat, 
approximately 6 0m Vaiiation 1), (2) to a gieatei effect of claiase on lan 
than on heated meat tissues, oi (3) to hbeiation of mci eased amounts of 
iiboflavm fiom claiase by enzjones ivithm the meat 
Howevei, incubation pielmainaiy to heat tieatment failed to mciease the 
Iiboflavm exti action fiom loasted poik (Sample VI, Table I) which had 
been stoied frozen foi 1 yeai Both the standaid method of exti action 
and 'S^’anation 2 lesulted m appi oximatelj'- the same amount of iiboflavin 

Table I 


Effect of Autolysis on Riboflavin Obtained from Raw Pork 


Pork sample No 

j Chrase sample No 

Riboflavin, 7 per 100 gm pork 

Standard method 

Variation 1 

Variation 2 

I 

1 

68 

' 107 

132 

I 

2 

112 

1 


II 

2 

81 


129 

IV 

2 

78 


120 

IV* 

2 

89 


139 

Vit 

1 

107 


102 


* After storage at —17° for 1 Bcek 
t Roasted, frozen for 1 year 


This would indicate that following the clenatin ation of the enzymes within 
the meat bj'’ heat, the libei ation of iiboflavin by claiase is letaided 
The fiist sample of claiase used gave veij Ion values foi iiboflavm bj' 
the standaid method This lot was 3 yeais old In addition it had a 
veiy high enzyme blank (18 9 y pei gm of enz^mie) A new puichase of 
claiase containing less iiboflavm (5 5 y pei gm of ciizj’me) leleased almost 
twice as much iiboflavm fiom the same sample of meat bj'' the standaid 
method This nenei pioduct was used m all latei expeiiments 

Since Vaiiation 2 lesultcd in the highest iiboflavm values, it nas used 
to compaie mth the standaid method m lespect to vaiiable e\ti action 
periods Conti aiy to Peteison cl al (4) mci eased leadings foi iiboflavm 
weie obtained with inci easing time (Table II) at least up to 60 houis All 
but one senes shoved this mciease up to 72 houis, the maximum length of 
time tiled These incieased i allies wcie obtamed with both methods of 
extraction, although the amoimt of iiboflavm exti acted from the heat- 
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treated tissue uas always less than with the preliminary incubation At 
the end of 72 houis the nboflavm extracted by the piedigestion procedure 
was appioximatcly 3 tunes the amount originally found by the standard 
procedure 

Mthough there w is no apparent indication of spoilage, the efficiency of 
chloroform as a prc‘'eivative was naturally questioned m view^ of these 
results Because of its highei boiling pomt, toluene was chosen as an 
added pie'^en'ative To each 35 gm aliquot, 4 ml of toluene were added 
to the chlorofonn-meat suspension before mcubation The added pre- 
sen^ative did not pre\ent these mcieased nboflavm values (Table II) 
xVgain, Variation 2 resulted m higher values than in the standard method 

As a further check on the efficacy of toluene as a preservative the nbo- 
flaMn m meat Sample V w'as extracted as m the standard method, with 


Table II 

Effect of Digestion Time on Extraction of Riboflavin from Raw Pork 


Poik 

sample 

]So 

Extraction 


Riboflavin at \ anous dieestion intervals, 
f pet 100 gm fresh raw port 

procedure 


6 

hrs 

16 

hrs 

24 

hrs 

36 

hrs 

4S 

hrs 

60 

hrs 

72 

hrs 

III 

Variation 2 

Chloroform 

78 

126 

149 

192 




IV 

Standard 

(( 


78 


128 

134 


167 


Variation 2 

(< 


120 


166 

167 

201 

278 

IV* 

Standard 

“ and toluene 


89 


140 

139 


165 


t ariation 2 

(< *i ft 


139 


176 

181 


236 

V 

Standard 

it 


107 





146 


H 

“ and toluene 


107 





155 


* After storage at —17° for 1 iieek 


and wathout added toluene (Table II) At 16 and 72 hours, the nboflavm 
values obtamed by a chloiofoim-toluene suspension were substantially the 
same as those secured from the chloroform suspension alone Smee the 
added pieservati\e action afforded by toluene did not pret ent the mcieased 
nboflavm tallies with time, it is assumed that the mciease is caused by 
enzymatic release of the nboflavm rather than bacterial synthesis 

DISCUSSION 

The results demonstrate that present wadelj used methods of extraction 
foi the fluorometiic assay of nboflavm give a vanable fraction of the total 
iiboflaMn present m meat Enzymes withm the meat itself bnng about a 
piogiessive mciease m the iiboflavin liberated if oppoitiiniU is allowed for 
lutodigestion in the presence of pieseraatnes This enziTuatic liberation 
of nboflann probably continues at the low temperatures of freezing storage 
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and may be greatly accelerated at higher tempeiatuies encounteied m the 
prelimmary stages of cooking 

Mici obiological riboflavin assays are also earned out on filtiates of meat 
extracted by methods similai to those used foi the fluoiometiic pioceduie 
Autoclavmg m acid solution oi tieatment with commcicial enzymes is 
lelied upon foi extraction, and detailed compaiisons on the amount of 
iibofla\in fieed by these pioceduies are laclong (7) 

On the othei hand, it might be expected that the biological assay would 
moie ncaily appioximate the total iiboflavm picsent, since animal tissues 
appaiently contain cnz3TOes capable of leleasmg the bound foim of the 
ntamin The only compaiison, of which the authors aie awaie, of fluoio- 
metric and biological assays on law and cooked meat (6) seems to suppoit 
this view 

Moie voik on extraction pioceduies seems to be impel ative befoic le- 
liance can be placed on figuies foi the iiboflavm content of meats oi iibo- 
flavm losses during meat piocessmg 

, Fuithei investigation of the extinction and deteimination of iiboflavm 
in plant and animal tissue by both chemical and biological methods aie 
being continued in this laboiatoiy 

SUMMARY 

Data have been piesented which indicate that extinction of iiboflavm 
fiom poik muscle is inci cased by an incubation peiiod at 45° pielimmaij’’ to 
the denatuiation of the tissue by heat at 100° The piesencc of claiase 
duimg tins piclimmary incubation extinction facilitates this appaicnt 
autoh'’sis and mcieases the ^bofla^m values 
The adequaej of the geneiallj accepted 24 houi extinction peiiod is 
questioned Incieasmg iiboflavm values weie obtained up to 72 hours of 
mcubation, the maximum length of time tiied m the piesence of picseiva- 
tives 

Incomplete extinction of potentially active iiboflavm may account foi 
icpoifed inci cased yields aftei piocessmg oi stoiagc 
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FRACTIONATION OF SERUM WITH METHANOL AND 
ULTRAFILTRATION 

B-i JAMES J QUIGLE’i 

(/ rom the Diitsion of Laboratories and Research, New York Stale Department of 

Health, Albany) 

(Receu ed for publication, October 31, 1917) 

A method for determmmg the albumm-globuhn latio m seium by precipi- 
tation n ith methanol at 0° has been desenbed by Pillemer and Hutchmson 
(1) The authors compared the latios so deterrmned wnth values found bj-^ 
electrophoretic analysis and i eported excellent agi eement They employed 
the method only for analytical purposes This paper describes the use of 
Pillemer and Hutclunson’s method, mthout essential modification, m con- 
junction with ultiafiltration (2) for the isolation of albumin and globulm 
fractions, both from human sera and from sera of normal and immunized 
animals 

Method 

The method of Pillemei and Hutchmson requires that all opeiations be 
earned out between 0-1° 2 ml of sera and 1 ml of sodium acetate buffer, 

pH 4 0, are well mixed and cooled to about 4° 7 ml of a diluted methyl 

alcohol solution are cooled to 0° or slightly lower The two solutions are 
then M ell mixed and maintained at approximately 0° for 30 minutes This 
gives a final alcohol concentration of about 42 5 per cent and a pH of 
between G 7 and 6 9 Under these conditions the globulins are quantita- 
tively precipitated, v hile the albumin remains in solution 

experhuental 

The sera used included a pool of rabbit seia prepared appioximatelj 1 
year pieviously, a pool of fresh guinea pig seia, a pool of fresh human sei i 
that did not react m serologic tests for syphilis, horse serum from an indi- 
vidual bleeding 7 months old, and an antipneumococcus tjqie 2 rabbit serum 
from a pool 4 yeais old 50 ml of sera vere used m each experiment 

A methanol solution, 60 pei cent by volume at room temperature, w as 
adopted as the standard precipitating solution The amount of buffer m 
the several experiments v as varied to obtain a final pH of 6 7 to 6 9 Less 
buffer was required with i abbit and guinea pig sera than mth human serum , 
more buffer, with horse serum 

The precipitated globulins nere filteied by suction m the cold room (8°) 
on a Buchner funnel A No 50 ''i\’hatman filtei paper coated v itli 1 gm of 
Hyflo Filter-Cel moistened mth 40 pei cent methanol v is eraploj ed foi 
retention of the precipitate Since filtrxtion time w is onlj about 30 
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minutes, the rise m tcmpeiatuie fiom 0° was not haimful After icmoval 
fiom the filtei papei, the globulins plus Filtei-Cel weie dned oveinight in 
a desiccatoi containing sulfuiic acid The papei, letaining some of the 
globulin, was dned simultaneously in the same desiccatoi The dried 
globulin was dissoh ed in 1 pei cent sodium chloiide, adjusted to pH 7 4 if 
necessaiy, centiifuged to lemove Filtei-Cel and shiedded filtei papei, and 
lestored to the oiiginal volume The albumin-methanol filtiate was 
diluted 1 2 with distilled watei to avoid undue sw'elhng of the membiane 
and w^as adjusted to pH 7 4 to 7 6 to suppiess adsoiption upon the 
membiane (3) 

The albumin-methanol solution w'as concentrated to about 25 ml by 
filtiation upon a 95 per cent pailodion niti ocellulose membiane The 
albumin solution w'as then diluted about 10-fold with steiile distilled watei 
and once moie conccntiated by filtration to about 25 ml This was ic- 


Table I 

Methanol Fraettonahon of Sera 


Species 

pH 

Protein 

Albumin 

Globulin 

Albumin globu 
hn ratio 

Non 

protein 

N 

Kjel 

dalil 

CuSOi 

Kjel- 

dahl 

CuSOi 

kjel 

dahl 

CuSOi 

Kjcl- 

dahl 

CuSOr 




per cent 

percent 

percent 

per cent 

per cent 

per cent 



mg per 
ml 

Rabbit 


7 0 

C 15 

6 19 

4 40 

4 39 

1 53 

1 66 

2 9 

2 6 

0 36 

Guinea pig 


8 15 

4 84 


3 51 

3 46 

1 25 


2 8 

2 7 

0 41 

Human 


8 4 


7 36 

4 58 

4 61 

2 72 

2 81 

1 7 

1 6 

0 30 

Horse 


7 6 

7 10 


3 91 


3 15 

2 99 

1 2 

1 3 

0 23 

Rabbit* 


8 0 

9 12 

9 18 

2 84 

2 99 

5 47 

5 40 

0 5 

0 6 

0 76 


* Antipncumococcu‘5 type 2 rabbit serum 


peated several times to lemove the methanol, aftei which the albumin was 
leinovcd fiom the ultiafilLei and diluted to its oiigmal volume with w'atei 
The results aie lecoided in Table I 

The nitiogen content of the vaiious seia and fractions was deteirained by 
the usual micio-Kjcldahl pioceduie The non-piotein nitrogen wars detei- 
mmed aftci icmoval of the protein wnth tiichloioacetic acid The factoi 
6 25 w\as used to calculate piotem fiom piotein nitrogen 

To fuinish an alternative estimation of the piotem content of the vaiioiis 
solutions, the coppei sulfate density method of Phillips and Ins cowoikeis 
(4) was used Then study wars concerned wnth plasma piotcms, but the 
semm density coiiespondmgly indicates the senim pioteins Since the 
oiiginal ai tide appealed, the authors hai e modified the equation foi noimal 
human plasma, which now appears as 

P = 389 6 (Gp - 1 0079) 


( 1 ) 
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\\here P is the pi isms piolem concentration in gm pCr 100 ml , Op, the 
density of the phsma, 1 0079, the density of the ultrafiltrate of the plasma 
nhich consists of inter, salts, etc , and 389 6 is an er.opincal coefficient 
The equation previously' employed was 
(2) P = 3G0 (<7„ - 1 0070) 

The copper sulfate density deteinunations of the sera and of the albumin 
and globulin preparations aie recorded in Table II The figures in the 
fourth decimal place are interpolated values In the determination of 
protein m normal human sera when equation (1) was used, close agreement 
vas obtained between results by the Kjeldahl and copper sulfate density 
methods However, for other normal ammal sera and for aU these frac- 
tions, mcludmg those from the i mm u n e sera, the use of equation (2) was 
much more satisfactory In calculating the protein content of the globuhn 
fractions, 1 0070 was used, as indicated, inasmuch as the density of 1 per 


TabiiE II 

Density of Sera and Fractions 


Speaes 

Sera 

Albunun 

Globulin 

Rabbit 

1 0242 

1 0122 

1 0116 

Guinea pig 

1 0206 

1 0096 

1 0106 

Human 

1 0268 

1 0128 

1 0148 

Horse 

1 0266 

1 0108 

1 0153 

Rabbit* 

1 0340 

1 0083 

1 0220 


* Antipneumococcus type 2 rabbit serum 


cent sodium chlonde is 1 0070 at 25°/25° Since the albumin fractions are 
washed free from salts and methanol, 1 0000 (by defimtion the density' of 
water at 25°/25°) is employed instead m the equation 

DISCUSSION 

The results obtained m the fractionation of rabbit sera as shoira in Table 
I agree fairly well with those obtained by Bjpmeboe and Gormsen (5) 
They found the average protein content of seventeen normal rabbit sera 
to be 6 03 per cent, the globulm content 1 23 per cent, and the albumm 4 81 
per cent The average globulin content of the sera of young rabbits vas 
1 42 per cent, but old rabbits averaged 0 95 per cent A globuhn content 
in excess of 2 per cent was considered abnormal 
The results with human sera are similar to those obtained by Pillemer 
and Hutchinson Fractionation of normal horse serum y'lelded results 
resembling those of Butler and Montgomery' (6), vho fraction ited normal 
horse sera by both the (NEl 4 ) 2 S 04 and Na:SO< methods and estimated the 
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albumm-globulin ratio to be 1 24 by the former method and 1 10 by the 
latter 

"^^Oien immune labbit seium was ultrafilteied through a 9 5 per cent pailo- 
dion membiane, the piotein-fiee ultrafiltrate contained 0 4 per cent 
chlorides and had a density of 1 0085 When this density was used in place 
of 1 0070 in equation (2), the piotein content so calculated was appiOM- 
mately the same as that obtained by the Kjeldahl method The pool of 
4 year-old seia gave indications of ammo acid inhibition of copper proteinate 
formation (7) 

As a check upon the efficacy of the fractionation method with immune 
seia, Heidelbei gel’s (8) method for precipitation of antibody nitrogen by 
the type-specific caibohydiate was used ^ Fiom the unconcentrated serum 
4 68 mg of antibodj’’ nitiogen pei ml were piecipitated, and from the 
globulin diluted to volume, 4 21 mg pei ml No piecipitate lesulted when 
the type-specific caibohj^’diate was added to the albumm fraction These 
lesults indicate satisfactory recoveiy and consideiable puiification of the 
globulin and that the globulin was not significantly denatured by the 
methanol pieCipitation Accoidingly the procedure should be a useful 
preliminaiy step in the study of such antibodies 

SUMMARY 

The preparation of seram albumin and globulin fractions by a combina- 
tion of methanol piecipitation and ultiafiltration is desciibed The method 
is applicable to various normal and immune animal seia as well as to human 
scmm 

The protein content of vaiious seia and of albumin and globulin solutions 
derived fiom them was pieciselv estimated by the coppei sulfate density 
method 
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PROTOPORPHYRIN 9 AS A PRECURSOR OF CHLOROPHYLL'' 

Bi S GRANICK 

(From Ihc Laborafones of The Rockefeller InsitltUe for Medical Research, New York) 

(Received for publication, November 8, 1947) 

Clihrdla vnJgans is an ovoid plant cell of 3 to 10 p diameter which pos- 
sesses a single cup-shaped chloioplast contaming the chlorophyll and 
carotenoids This eell normally synthesizes these pigments in the dark 
nhen grown on i glucose-inorganic salt medium 
In an attempt to analyze the steps in the synthesis of these pigments, 
mutants of the Chlordla cells vere prepaied by irradiation with \-rays It 
Mas hoped that m this manner some of the intei-mediate stages in the 
S3Tithesis might be pi evented and that intermediate products might 
accumulate This papei is concerned with the isolation and characteriza- 
tion of a bioMTiish red fluoiescent pigment ivliich appeared m one of the 
mutants 


EXPERIMENTAL 

Origin of Mutant Chlordla Ws Brown — Chlordla vulgans cells, grown on 
the inorganic medium of Ciaig and Trelease (2) in the light, were concen- 
trated by centrifugation, suspended in a small drop of the same medium m 
a thin walled Carrel flask, and exposed to \-rays from a 180 kilovolt tungsten 
target tube at a rate of 2050 r p m for 10 to 20 minutes, the tube ladiation 
half value layer bemg 0 19 mm of Cu 

The treated cells were then diluted and from that time on Mere gioMui in 
the dark on a solid medium consisting of 3 per cent agar, 0 7 per cent 
glucose, and the inorganic salts Colorless, pale gieen, and yelloM’- colonies 
arose A mutant, Ws, Math M'luch Me shall be primarily concerned heie, 
M as isolated early in 1946 as a colorless colony It has a tendency to give 
nse to pale gieen colonies The pale green colonies maj"^ gne rise to color- 
less colonies again On solid media, both the pale gi een and colorless cells 
ha\e given use at times to broMn colonies Colonies arising from single 
cells derived from these bioMm areas haie been further selected for their 
tendency to turn broMTi 

YHien the brOM-n cell, TTs bioMTi, is groM n in a liquid medium, ev en Mith 
continual aeration, the developing cells appear only faintly broMTi in a thick 
la 5 'ei If groM n m test-tubes on agar slants or in Petri dishes, the broMTi 
color develops mu thin 1 to a fcM Meeks For large flasks and rapid de^ elop- 

* This IS the third in a series of studies on porphyrins and related compounds For 
the second paper see Glider and Gramck (1) 
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hient of the brown coloi ilie following proceduie has been used An inocu- 
lum, taken fiom blown cells on solid medium oi fiom the almost coloiless 
cells gionm on liquid medium, was sown on solid medium At 25° giowtli 
was maximum on the 4th day, but the cells weie coloiless, at this time the 
flasks were tilted slightly to diain away excess suiface liquid, and Avithin 
the next 2 to 3 da3"S the cells became biomiish If the liquid was not 
diamed anaj'^ some 4 to 6 daj^s aftci inoculation, only a slight bioAvnmg 
lesulted ivithin the next few days The impiession was gamed that the 
blown pigment dcAmlops most lapidlj’- m the lesting stage at the end of the 
logaiithmic peiiod of giowth 

Undei these conditions of growth the cells often weie enlaiged to 2 to 3 
times their noimal diametei, containing some five to twenty laige staich 
grams which appealed to be localized m a vacuole making up most of the 
cell volume, a thin crescent-shaped area of cytoplasm containing the 
gianulai oi leticulated blown mateiial lay on one side of the cell These 
cells weie easily bioken by meiely shaking m distilled water Small cells 
weie seldom observed to contain this bronm mateiial 

Propel ties of Brown Mateiial — In the hand spectioscope a suspension of 
the broAvn cells levealed three bands with maxima at 630, 590, and 645 mju 
No band at 505 mg ivas visible By ivashmg the cells with water and 
centrifuging at 500 X (/, a biowmish cloudy supernatant solution was ob- 
tained Avhose absorption, when measuied with the Beckman spectiophoto- 
metci, levealed the same bands (Fig 1, Cuive Al Wlien this biown 
pigment Avas exti acted, dissolved m dilute alkaline ethanol solvent, and 
bi ought to the same volume as the oiigmal suspension, a cunn (Fig 1, 
Cuive B) typical of piotopoiphyiin AAns obtained 

The bioAAn coloi of the cell suspension Avas found to coiiespond m spectial 
pioperties to a colloidal suspension of pi otopoiphyrm "li^eu ciystallme 
piotopoiphyiin Avas dissolved m 0 02 n potassium hydi oxide containing 50 
pel cent by volume of ethyl alcohol, a pink solution of the monomeric foim 
of pi otopoi phyi m Avas obtained (Fig 2, Curve A) When this solution Avas 
neutiahzed Avith acetic acid, the pi otopoi phju in became colloidally poty- 
meiized and its absorption bands changed (Fig 2, CuiA'-e B), the solution 
tinned biOAAmish led m coloi, the 505 mg band vanished, and neA\ band 
maxima arose, coiiespondmg to those obseiAmd in the bioAvn Chloiella cells 
Depending on the dcgiee of polymciization, vaiious mteimediate types of 
absoiption spectra bctAieen those of the monomei and the high polymei 
could be obtained 

The bioAAm pigment Avas most leadily released fiom the cells by Avettmg 
the packed cells AAith a mixtuie of glacial acetic acid containing a small 
amount of HCl and exti acting w-ith an equal A^olume of othei From 
neutral or alkaline solutions the pigment Avas only extracted into organic 
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sohcnts ■with difficulty, although the small amounts that were extracted 
showed the tjpical piotoporphjnm spectnim Advantage was taken of 
this lelatne insolubihtj' of the pigment at neutial pH to get rid of fatty 
materials of the cells by a pielimmai> extinction uath ether and alcohol 
befoie extracting the mam bulk of the pigment 
holakon of Pigment from Cells — About 50 cc of packed cells ■\^ele first 
extracted with 150 cc of ethyl alcohol and then wath 150 cc of 3 1 ether- 
absolute alcohol to get lad of fatty materials This solution, ivhich was 



Fig 1 Curve A, absorption of an aliquot of brown pigment obtained from the IT t 
brown cells as a cloudy suspension in n ater. Curve B, absorption after extraction and 
dilution in 0 02 N KOH-50 per cent ethanol solvent to the same volume as the original 
aliquot 


discarded, was faintly pmk, shownng the typical bands of protopoiphyrm 
The cells xvere next stirred xvith 50 cc of acetic acid-HCI (99 parts of acetic 
acid -f 1 part of 6 n HCl), and then 100 cc of ethei were added The 
suspension was centrifuged and the supernatant contaming the acid form 
of protoporphyrin was decanted The extraction w'as repeated twree more 
The combined extracts in a separatory funnel w ere treated wrth aqueous 2 x 
potassium acetate to convert the pigment to the neutral form, and the 
acetic acid w^as removed from the ether 1 ij or w itli watoi 
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Identificalion of Pigment As Pioloporphynn — An aliquot of the ether 
solution ivas measiued spectiophotometiically The extinction values so 
obtained veie plotted on a cuive of known piotopoiphyiin, one point was 
multiplied by a factoi {i e 505 mg.) All other points fell on the curve 
Within expel imental eiioi, the position and height of the band maxima of 
the poiphj iin from Chlorella weie identical with those fiom ciystalhne 
piotopoiphyiin 



Fig 2 E\iiiittion F is for a 1 cm light path, the conccntiation of protoporphyrin 
being 20 y per cc Cuivc A represents extinction of a pink protoporphyiin solution 
dissolved in 0 02 n KOH-50 per cent ethanol, Curve B extinction of 5 cc of the above 
protoporphyrin solution to which had been added 0 02 cc of glacial acetic acid, 
csulting in a brow nish red colloidal solution 


The HCl numbci of the poiphyim tvas also dctei mined on anothci 
aliquot by successively exti acting the pigment into mcieasmgly highei 
concentiations of aqueous HCl, it was found to be identical with that of 
piotopoiphyiin No poiphyiin other than piotopoiphyiin wms detected 
in the aqueous exliacts A piotopoiphyrm containing only one vinyl 
group might have been expected to be cxti acted fiom the cthei wuth an 
HCl solution of fiom 0 1 to 0 3 n IICl, a poiph 3 um with sucli a piopeit^”^ 
was not detected The mam ethei solution was extricted wnth 2 n HCl 
(Onlj' a faint residue in the ctliei lemamed, the conccntiation of which wms 
too low to be worked up ) 
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Furlhcr support for the identification of the brown pigment as proto- 
porphjTin \\ as obtained by biological tests Hemophilus influenzae Turner 
requires iron protoporphyrin or protoporphyrin foi groirth ( 1 ) It may, 
howe\er, grow when furnished with iron poiphyrins lyhich lack vinyl 
groups Wlicn protoporphjTin w as replaced bj a suspension of Wb brown 
Chlorella cells, definite growth of the influenza organism was observed 
No support of growth of the influenza organism could be obtained wnth a 
suspension of normal green Chlorella cells or a suspension of yellow mutant 
Chlorella cells to replace protoporphyrin This influenza organism has 
the further agreeable property of reducmg mtrate to nitnte onlj’^ m the 
presence of ^ myl-containmg porphyrins, i e protoporphyrin or iron proto- 
porphjTin ( 1 ) No other porphjmns or iron poiqihynns have tlus effect 
Quantitative determinations were made of the growffh of this organism 
and its mtrate-reducing ability on protoporphyrin 9 and on the compound 
isolated {vomChlorella For both compounds at a concentration of 0 01 7 
of compound per cc of medium there w as a trace of growi.h and no nitrate 
reduction At 0 02 7 per cc growrth was maximum and nitnte formation 
w'as maximum for both compounds, further confirmmg the idea that the 
compound fiom Chlorella is a protoporphynn (Because no isomenc 
protoporphjTins have been ax ailable for determimng the specificity of the 
biological test, it cannot be decided from this exTieriment that pioto- 
porphjmn of Chlorella is isomencally identical with that derived from 
blood heme ) 

Identification of Protoporphynn As Isomer 9 — One-fifth of the total HCl 
extract from the ethei was estenfied wrth raethjd alcoholic HCl This 
crj'^stalhne compound had a melting point of 223°, and on recrj'stalhzation 
the melting point w^as 225° Too little lemaincd foi furthei recrj stalhza- 
tion A prepaiation of protoporplijwra 9 dimethyl estei prepared from 
beef hemoglobin had a melting point of 228° The literature reports a 
melting point of 230° for protoporphynn 9 dimethyl ester Considering 
the effect of slight impunties and that the melting points w ere determined 
on crj’^stals under the microscope, the melting point of the protoporphj nn 
dimethyl ester denved from the Chlorella cells ‘supports the idea that the 
protoporphynn is piobablj”^ isomer 9 

The accepted method of identifjnng the isomers is to convert the pioto- 
poiphyiin to mesopoiphynn dimethyl ester, the melting point of whose 
isomers aie known The mam portion of the HCl extract containing the 
protoporphynn was comerted to the raeso ester m the following manner 
The HCl solution (about 50 cc ) was neutiahzed wath 2 xt pota‘~suim 
acetate, and the flocc ulation aided with 0 2 gm of sodium tartnte Tht 
piecipitate w is filtered onto a small isbcstos mat, w ishcd once ripidh 
with ibsoluti alcohol, and then dried m a xacuiim dcsiccatoi 

Com ersion to mesoporphynn was brought about b\ trciting the asbestos 



722 


PROTOPORPHYRIN 9 


mat containing the piotopoiphyrin with 2 5 cc of 99 pei cent foimic acid 
plus 3 mg of colloidal palladium (18 2 per cent Pd) This suspension was 
wanned to 50° and H 2 bubbled m foi 10 minutes The solution was then 
filtered by suction, and the filtei washed with a few diops of foimic acid 
and then mth watei The filtiate was tiaiisfciied to a sepaiatoiy funnel, 
diluted with 10 cc of watei, the foimic acid neutiahzed with 2 m potassium 
acetate, and the poiphyrm exti acted into the ethei The ethei layer 
was n ashed seveial times with watei It was exti acted with 0 2 N HCl 
and then with 1 n HCl (No evidence foi a poiphyiin othei than meso- 
porphyrin was obseiwed spectioscopically in these extiacts ) The HCl 
extiacts i\ere combined, filtei ed, leextracted into the ethei, and the ethei 
evaporated to dryness 

The lesulting diy mesopoiphyim ivas esteiified overnight at 100 m tem- 
peiature with 15 cc of diy methanol containing 5 pci cent by weight of 
HCl The esteiified mesoporphyim was then extracted into 10 cc of 
CHCI3 The CHCI3 solution was washed with water and finally with 0 02 
N NH4OH to convert the porphyrin to the neutral foim The CHCI3 was 
chied with anhydrous sodium acetate, filtei ed, and evaporated to dryness, 
and the residue was ciystalhzed from CHCI3 with methanol 

A yield of 6 5 mg of laige well foimed ciystals was obtained Undei 
the micioscope, ciushed ciystals began to melt at 216 5°, new ciystals 
foi ming in the melt as the tempci atuie was incieased slowly and all evidence 
of ciystallmity disappeaiing at 218° A mixed melting point of equal parts 
of thiee times crystallized mcsopoiphyrin dimethyl estei (piepaied fiom 
heme of hemoglobin according to the method of Fiscliei and Putzei (3)) 
with the above meso estei crushed togethei on a covci-shp showed begin- 
ning of melting at 213 5°, the last ciy&tals melting at 218 5° These 
melting points may be consideied as confiimation that the piotopoiphyrin 
isolated fiom the CMoidla cells is piotopoiphynn isomei 9 

The absoiption cuive of the meso estei deiived fiom the pigment of W 5 
blown cells was compaied with that of the meso ester piepaied by the 
method of Fischci and Putzei (3) fiom blood heme Within expeiimental 
eiroi, the points on the mesoporphyim curve aie seen to be identical 

Foi compaiison, the absoiption cuive of piotopoiphynn dimethyl estei 
lb also shonn m Fig 3 Because of the sensitivity of this compound to 
decomposition, it vas leciystalhzed and then fuithci puiified by chromato- 
giaphic adsoiption m dim light on a column of 10 paits of powdcied suciose 
and 1 pait of talcum The column was fiist wetted with all solution of 
pet 1 oleum ether (bp 70°) and benzene The estei was dissolved in 
CIICI3 and adsoibed on the column which vas then dc\ eloped and eluted 
vith a solution of CHCI3 and benzene, the pioportion of CHCI3 m the 
solution being giadually incieased A pale gieenish residue lemained on 
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the column Addition of petroleum ether to the eluate resulted m beauti- 
ful plates aiTanged m rosettes Mluch were dried zn vacuo and used for the 
spectroscopic measurements on the same day 
Microviclhod for QuanMaltic Conversion of Proioporphynn to Meso- 
porpJnjrin Dimethyl Ester — Protoporphj'-rm has been found to be converted 
to mesoporphjTin quantitatively m 98 to 100 per cent formic acid m the 



Fig 3 Molar e\tinction m CHClj of mesoporphyrin dimethjl ester den\cd from 
blood heme (•) and from the pigment of Chlorella IFt brown mutant (+) For 
comparison of the positions of the bands and their maxinia, the extinction of proto- 
porphjnn dimethj 1 ester (O) in CHCh isalsogixen The extinctionis 10 times higher 
on the left side than on the right side Molar extinction per cm of light path for 
a given wax'e-length = -®m^per liter = logio To/I (I/(cm X mole per liter)) 

piesence of colloidal palladium and bj'^drogen m a period of 5 to 10 minutes, 
at 50-60° No side products appear to be formed (at higher temperatures 
or m more aqueous formic acid, side products are obserx ed) m contrast to 
results x\ith the reduction methods txuth hydnodic acid (4) 

For example, 11 4 mg of protopoiphjim + 1 00 cc of 99 per tent formic 
acid -1-3 0 mg of colloidal palladium (IS pei cent Pd) were bubbled wath 
hydrogen at 50-60° for 10 minutes m a small Claisen flask The formic 
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acid was then distilled off to complete diyness with the aid of a vacuum 
Then 10 cc of diy metlianol-HCl (containing 5 pei cent ifCl by weight) 
were added, and the flask stoppeied and left overnight at loom tempeia- 
tuie The solution of mesopoiphyrin dimethyl ester was tiansfeiied to a 
sepal atoiy funnel vnth 10 cc of CHClj The CHCI 3 solution was washed 
with watei seveial times, then mth 0 02 n NH4OH, dried ivith anhydrous 
Na 2 S 04 , filteied vnth a filtei stick, and the CHCI 3 solution including the 
CHCI 3 washings of the Na 2 S 04 was evapoiated down to a few cc , filteied, 
and fuithei evapoiated to dryness The estei was then crystallized by 
dissolving it 111 0 5 cc of hot CHCI 3 , adding 3 cc of boiling methanol, 
lettmg the solution cool slowly in a beaker of hot water, and finally placing 
it in the ice box overnight Large, well formed crystals resulted which 
weie washed with diy methanol and weie then diied in a vacuum desiccatoi 
at 70° The yield was 10 63 mg 01 88 3 per cent of theory (Further 
crystals were observed to form later in the mother liquoi from the ciystal- 
lization ) Crystals began to melt at 213 5° and complete melting was 
obsei'ved at 216° The mixed melting point with estei derived fiom blood 
heme began to melt at 213 5°, complete melting being observed at 217° 

MelHng Point of Mesoporphynn 9 Dimethyl Ester — The identification 
of the isomeric poiphynns depends on the determination of the melting 
points of then methyl esters The isomers aie m general indistinguishable 
on the basis of absorption spectra The melting points of twelve of the 
fifteen possible isomeis are knovii (5) Two of these isomeis have melting 
points in the neighborhood of those reported for isomei 9 Isomer 13 has 
a melting point of 217° and isomer 14 has a melting point of 205-209° 
Fischer and cowoikers have reported melting points for the mesoporphynn 
9 dimethyl ester as ranging from 206-216° Taylor (6) has leported a 
value of 215 6°, “none of the samples melted with ideal sharpness “ These 
vai rations and the unshaip meltmg point of the pioduct derived fiom blood 
heme were at one time postulated by Fischei to lepiesent a mixture of tv o 
isomeis, but this idea was later rejected by him (7, 8) These facts sug- 
gest that the melting point criteria foi the identification of the isomeis 
have certain limitations 

Using a meltmg point apparatus m conjunction with a polarizing micro- 
scope, we have obsei’ved the following phenomena Wlien the crystals of 
the meso estei neie ciushed very finely between two cover -slips and 
moimted in the hot stage, streaks of oriented mateiial and small crystalline 
fragments could be seen under polarized light As the temperature was 
laised and approached that of incipient melting, the stieaks appeared to 
form tiny crystals onented with their long directions parallel to the duec- 
tion of the streaks Aftei melting had begun, one could see withm the 
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(lioplets numeious small crjstals forming and melting Onl 3 iihen the 
temperature had risen some 2-4° abo\c the incipient melting point, did all 
hirefnngcnt matciial disappeai The incipient melting point i\as more 
easilj' seen at tlie edge of largei ci'j stals 
For the cahbiation of the hot stage thermometer m this tempeiature 
range AgNOa, m p 208°, as used Although the AgNOs crj^stals could 
be seen to darken as the temperature was raised, the melting of all the 
crj'stah occurred wthin a rise of 0 5° No organic matenal exammed 
gave this sharp a melting point m this tempeiature range The incipient 
melting points of a number of the meso ester preparations are listed m 
Table I 


Table I 

Ivrtpient Melting Points of Mcsoporphgnn 9 Dimethyl Esters Measured on Microscope 

Hot Stage Apparatus 


Sample No 

Preparation 

Incipient m p 

1 

! 

Ester prepared by method of Fischer and Putzer 

c 

210 

2 

Sample 1 reerj stalhzed 3 times from 
CHCb-CH.OH 

212 

3 

Sample 1 chromatographed and recrystallized 

216 5 

4 

Ester prepared from protoporphyrin 9 by Pd 4- H- 
-1- formic acid method 

213 5 

5 

Ester prepared from bron n. extract b> Pd + Hj 

1 -b formic acid method 

216 5 

6 

1 Mixed m p of equal parts of Samples 5 and 2 

213 6 

7 

1 “ “ “ “ “ “ protoporphyrin 9 

j ester (melting at 228°) n ith meso ester, Sample 2 

214 


DISCUSSION 

The lack of chlorophyll in the mutant Chlorella Ws browa and the rela- 
tivcty high protoporphyrin content suggest the interpretation that a 
block has occuired m the synthetic chain, normally leading to chlorophyll, 
uhich permits the accumulation of the intermediate compound proto- 
porphyrin 

Protopoi-phynn has been detected in manj’’ animals and plants (9), 
existing either fiee in traces or generally in the form of the iron complex 
Where it has been isolated from animal species in sufficient amounts, it 
has been found to be isomei icallj’' identical inth protoporphj^nn denied 
fiom the blood heme of mammals In tins paper, it has been shoim th it 
piotopoiphjnm denied fiom a plant cell, Chlorella, is also isomencalli 
identical mth the protopoiphjTin of blood heme 




72G 


PROTOPORPHlItIN 9 



Fe protopopphypin 9 Chlorophyll a 


The similaiity between the gieen pigment of tlie leaf, chloiophyll, and 
tlie jed pigment of the blood, non jnolopoiphyiin, was hypothesized early 
by Hoppe-Seyler (10), Maichlewski (11), and otheis It lemamed foi 
Ncnki, Piloty, Kiistei, and Willstattei (12, 13) to lecognize the basic plan 
of then ling stiuctuie and foi Fischei, Conant, and then cowoikeis (14, 15) 
to dctennme the basic similaiities of then side chain pattern 

The biochemical lelationship between these tno pigments is now clearly 
suggested by the woik on Chloiella Piotopoiphjnm appeals to be the 
metabolic prccuisoi of chloiophyll A plausible senes ol ovidation-i educ- 
tion and esteiification steps ma)^ now be conceived foi the biochemical 
synthesis of chloiophyll fiom protopoiphyiin It is hoped that the study 
of other mutants will demonstiate the oidei of this piocess 

We desiie to acknowledge the invaluable technical assistance of Miss 
Ruth Kett and Mis Helen Biooks in the isolation and cultivation of the 
mutants We also wash to express oui thanks to Piofessoi S Tieleasc of 
Columbia Univeisity foi his stiain of Chloiella vulgaris, to Di S H Woll- 
man of the \-iay depaitment of Memoual Hospital foi his kind coopeia- 
tion, and to Di Leonor IMichachs foi his constant stimulation and advice 

SUMMARX 

A pigment isolated fiom an \-iay mutant of Chlorella has been identified 
as iiiotopoiphyim by its absoiption spectium maxima, its HCl exti action 
numbei from ethci solution, and its capacity to suppoit the giowth of an 
influenza oiganism It was chaiactenzed as the 9 isomei by com ei ting 
it to the piotopoiplijuiii dimethjd estei and to the mesopoiph 3 am dimetli} 1 
estci, and bj" detci mining their melting points The biowm coloi of the 
cells was found to be due to the colloidal aggicgation of piotopoiplijam 
within them 
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A qu-intilatnc miciomethod is de'^cnbed foi the conveision of proto- 
porphyrin to mesopoiph^ im b\ lodnction of the ^ inyl groups u ith hydrogen 
ind palladium m formic acid 

Protoporphyi in 9, the poiphyim of blood heme, is postulated to be a 
normal metabolic precuisoi m the sjmthesis of chlorophyll bj' the plant 
cell ChlorcUa 
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A COLORBIETRIC jMETHOD FOR THE DETERIHINATION 
OF CITRIC ACID IN BLOOD AND PLASIMA* 

Br GLAD1S H WOLCOTT and PAUL D BOYERf 
(From the Nmal Medical Research Institute, Bethesda, Maryland) 

(Received for publication, November 10, 1947) 

As early as 1897 the oxidative bromination of citnc acid to form a bromi- 
nated acetone derivative, presumably pnncipally pentabromoacetone, was 
adapted to the quantitative determmation of citrate (1) Most subse- 
quent procedures have been based on the same reaction Among the 
more recently desenbed procedures are those of Pucher (2) and of Goldberg 
and Bemheun (3) These methods, with minimum sensitivities of ap- 
proximately 0 05 and 1 0 mg of citric acid, respectively, are not sufficiently 
sensitive for many purposes, hence experiments were undertaken to develop 
a more sensitive procedure In common with earlier procedures the method 
reported herem is based on the formation of a brommated acetone deriva- 
tive The sensitivity, however, has been lowered to 5 to 50 y of citnc 
acid by the use of a new procedure for the colonmetnc microdetermmation 
of broimde 

Smee this work was completed, a method for citnc acid determmation 
with a sensitivity of 10 to 60 7 of citric acid has been published by Taussky 
and Shorr (4) This method, which also is based on the oxidative bromi- 
nation of citric acid, appears satisfactory The present procedure, how- 
ever, is presented, as it differs considerably m the method used for the 
determmation of the bromme present as brommated acetone denvatives 

EXPERIMENTAL 

Reagents — 

1 1 N NaOCl m 0 1 N NaOH 88 gm of NaOH are dissolved m about 
1500 ml of water, the solution is cooled m an ice bath, and, with vigorous 
stirrmg, chlonne gas is bubbled through the solution until 71 gm of chlo- 
rine have been added The solution is then made up to 2 liters (5) 

The concentration of NaOH should lie between 0 08 n and 0 12 n It 
may be detemuned by addmg 5 0 ml of w ater and about 5 drops of 30 
per cent hydrogen peroxide to a 1 0 ml aliquot of the NaOCIl solution, 

* The opinions or conclusions contained in this report are those of the authors 
Thej are not to be construed as necessanlv reflecting the vievis or the endorsement 
of the Navj Department 

t Present address, Division of Agncultural Biochcmistrv , Umversitv of Minne 
sota, St Paul 


729 



730 


DETERMINATION OF CITRIC ACID 


followed by titration ivith phenol led oi another suitable mdicatoi The 
destiuction of the NaOCl is complete when fuither addition of peroxide 
libel ates no more oxygen bubbles 

2 0 05 M sulfite and 0 40 m phosphate 100 ml of 0 50 m sodium sulfite 
(12 6 gm of Na2S03 VHoO per 100 ml ), and 200 ml of 2 0 m sodium di- 
hydrogen phosphate (27 6 gm of NaH2P04 H2O per 100 ml ) pei htei 
Flesh solution must be prepared every 10 days and the curve standardized 

3 6 m sodium f 01 mate solution 408 gm of HCOONa per htei 

4 3m H 3PO4 269 ml of 85 pei cent H3PO4 pei htei 

5 Ammonium molybdate solution 10 0 gm of (NH4)6Mo7024 4H2O 
pel 100 ml 

6 10 N sulfuric acid 272 ml of concentiated H2SO4 pei htei. 

7 2 N hydrazme 32 5 gm of N2H4 H2SO4 aie dissolved with the aid 
of 50 ml of 5 N NaOH and made to 500 ml 

8 1m biomide-bromate solution 90 ml of 1 m KBi (119 gm of KBi 
pel htei) and 10 ml of 1 m NaBiOs (15 1 gm of NaBi03 per 100 ml ) 

9 Peti oleum ethei, leagent giade, piefeiably with the boiling point 
above 60° 

10 Potassium iodide solution 5 0 gm of KI per 100 ml Stoie m a 
cool, dark place If a slight yellow color of free lodme appeals, it should 
be discarded 

11 01m potassium peimanganate 15 9 gm of ICMn04 pei litei 

fv 12 10 O mM citiic acid 1 053 gm of CeHsO? H2O and 50 ml of 10 N 
H2SO4 per 500 ml 

13 0 10 mM citiic acid 1 0 ml of 10 0 mM citric acid and 1 0 ml of 
10 N H2SO4 made to 100 ml 

Standai d^^at^on Procedure — ^Foi the prepaiation of a standard cuive 
any satisfactory photoelectric colorimeter may be used The curve is 
prepared as follows In a 125 ml sepaiatoiy funnel are placed 5 0 ml of 
20 N H2SO4, 4 0 ml of 8 pei cent tiicliloioacetic acid, and 3 0 ml of a senes 
of standaid citric acid solutions, contaming from 5 0 to 50 0 7 of citric 
acid The reagent blank is prepared m a similar mannei except that water 
IS substituted foi the citiic acid 

1 ml of the 1 M biomide-bromate solution followed by 2 0 ml of 0 50 
M KMn04 IS added at a very slow rate Avitli continuous and vigorous agi- 
tation The mixture is allowed to stand 10 mmutes, then sufficient 2 0 
ji hydrazme solution (about 1 0 ml ) to decolorize the solution completely 
IS added slowly, and the sides of the funnel are washed mth 1 to 2 ml of 
distilled water 15 ml of peti oleum ethei are added, the funnel is tightly 
stoppered vuth a clean rubber stopper and shaken vigorously for 5 mmutes, 
preferably on an automatic shaker After the extraction is completed, 
the pressure is released, the layers allowed to separate, and the aqueous 
phase IS drawm off and discarded The petroleum ether and the funnel 
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are -waslied four times ivith ater, the stream of -water from the wash bottle 
being directed first forcibly into the petroleum ether solution, then around 
the sides and top of the furmel Water redistilled from an all-glass still 
IS used for the Aiashmgs Tlie e\tiact is transferred to a clean separatorj"- 
funnel, and the first funnel is rinsed mth three small portions of petroleum 
ether The extract is then ashed twee more -iwth water Sufficient 
tune IS aliened after the last nash for complete separation of the aqueous 
layer which is then completely removed 
To the separatory funnel are added exactly 15 ml of the sulfite-phosphate 
solution, as used by Goldberg and Bemheim (3) The funnel is tightly 
stoppered -with a clean rubber stopper, and the mixture is -vigorously shaken 
for 5 mmutes After separation of the layers, exactly a 10 ml aliquot of the 
sulfite-phosphate solution is carefully tiansf erred to a 25 ml volumetric 
flask and the neck of the flask is rinsed -with a few drops of water The 
flask IS heated in a boihng water bath for about 5 minutes, and exactly 
2 ml of the hypochlorite solution are added The sides of the flask are 
nnsed carefully -with two small portions (less than 1 0 ml ) of water, the 
contents are nuxed, and the heatmg is contmued for exactly 4 mmutes 
from the tune of the hypochlorite addition Then 1 0 ml of 6 M formate 
IS added, the flask is removed from the bath and the contents carefully 
shaken The flask is then rotated so that the hot formate solution comes 
in contact -with the mner wall of the neck, and the solution is cooled to 
room temperature 1 drop of amm onium molybdate solution is added 
to the flask and the sides of the flask are nnsed -with 5 0 ml of 3 Ji phos- 
phonc acid The contents are mixed, and 1 0 ml of the potassium iodide 
solution IS added The contents are made to a 25 ml volume, mixed, 
and transferred to a colorimeter tube The developed color is determined 
10 to 15 mmutes after the iodide addition, m this mvestigation an Evelyn 
colorimeter was employed -with the 400 ran filter and wth a blank prepared 
in the same manner as the sample 
Delerrmnahon of Citric Acid in Blood — ^To 4 0 ml of 10 per cent trichloro- 
acetic acid m a centrifuge tube is added 1 0 ml of fresh immediately dranm 
whole blood (oxalated or heparuuzed), or 1 0 ml of plasma The contents 
are -vigorously shaken and allowed to stand 10 mmutes A 4 0 ml aliquot 
of the clear centrifuged supernatant, represen tmg 0 8 ml of -whole blood 
or plasma, is transferred to a 125 ml separatory funnel To this are added 
5 0 ml of 20 N suKuric acid and 3 0 ml of water The solution is cooled 
to room temperature and the citric acid is determmed as described above 
for standard solutions 


Results 

In Fig 1 IS shown the standard curve obtamed -with pure citnc acid 
solutions A straight Ime is obtamed by the plot of the L value (2 — log (?) 
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agamst the concentration Duplicates agree withm ±3 pei cent In 
Fig 2 IS sho-wn the standard curve obtained with biomide solutions This 
curve shows that the plot of optical density against concentration does 




not give a straight line with the instrument used The straight line ob- 
tained with citric acid is foituitous and probably depends on the loiown 
higher yield of the biomoacetone derivative vnth higher citric acid concen- 
trations 
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The values for citric acid m normal human blood are shown m Table I 
Tvsentj'-three normal and fasting whole blood samples were analyzed and 
the results range from 1 33 to 2 28 mg of citric acid per 100 ml of whole 
blood Values are also presented for normal citric acid content of plasma, 
rangmg from 1 60 to 2 66 mg per 100 ml of plasma ^ 

The partition of citric acid between plasma and cells, calculated on the 
basis of the hematocrit, shows a relative constancy, rangmg from 64 to 
82 per cent m plasma, with a mean of 76 per cent, and from 36 to 18 per 
cent in the cells (Table I) 

The recovery of citric acid added to blood ranges from 97 to 102 per 
cent (Table II) 


DISCUSSION 

Interfering Suhslances — ^Low results are obtamed m the presence of large 
amounts of glucose Excessive amounts will be detected by an mcreased 
destruction of permanganate The effect of large amounts of glucose 
(t e , 600 mg per cent or more) can be readily elimmated by the modification 
of Goldberg and Bemheim (3) With normal blood glucose levels no 
special precautions are necessary 

Acetone bodies have been noted to mterfere m similar methods by causmg 
high results If samples are knoira to contain acetone or acetoacetic acid 
(7), a 40 ml tnchloroacetic acid ahquot is boiled with 10 0 ml of IOn 
sulfunc acid until the volume is 10 0 ml or less The resultant volume is 
adjusted to 10 ml with water and is quantitatively transferred to a separa- 
tory funnel ivith the aid of two 1 0 ml water nnses A prehmmary bromi- 
nation is earned out to eliminate ether-soluble brommated derivatives by 
the addition of 1 ml of a bromide-bromate solution (50 ml ^of a 1 m po- 
tassium bromide and 10 0 ml of 1 M sodium bromate) The sample is 
allowed to stand for 30 minutes and then extracted with three 10 0 ml 
aliquots of carbon tetrachloride The carbon tetrachloride layer is drawn 
off and discarded, thus elimmatmg free bromme and ether-soluble bromi- 
nated compounds The citric acid determmation is then carried out in 
the usual manner 

Formation of Bromoacetone Denialive from Citnc Acid — ^The oxidation 
and brommation are made essentially as previously described (2, 3) The 
step mvohnng addition of potassium permanganate is the most likely 
source of eiror, and slow addition of the permanganate is essential The 
amount of biomine recovered as the bromoacetone derivatn e can be readily 
modified by variations m these conditions 

' Natelson et al (6) reported a mothod for the determination of citnc acid after 
this manusenpt i\ as submitted for publication The level of citrate in the red blood 
cells indicated b\ their results is somewhat lower than that reported herein 
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Tabu. I 


Cituc Acid Values in Normal Blood and Plasma 


Subject 

Cell \olunie 

Citnc icid 

Per Cent distribution, 
calculated 

M hole blood 

Plismu 

Cells 1 

j (cilcvilited) 

Plasma 

Cells 



mg per 

vig per 

! mg per 





100 ml 

100 ml 

100 ml 



F G 


2 25 


i 

1 


R W 


2 28 


1 



G W 


2 05 





F S 


1 81 





R L 


2 26 





R S 


2 11 





G P 


1 94 





G W 

1 

1 96 





P ISI 


1 70 

\ 




G W 


2 13 





P M 


2 13 


1 



G P 


1 75 


1 


1 

1 

M H 

43 

1 63 

2 25 

0 81 

79 

1 21 

A I 

44 

1 61 

2 29 

0 75 

79 

21 

R F 

37 

1 33 

1 73 

0 65 

82 

1 18 

A B 

41 

1 70 1 

2 19 i 

1 00 

76 

1 24 

R F 

41 

1 88 

2 49 

1 00 

78 

1 22 

W G 

44 

1 98 

2 66 

1 11 

75 

25 

M T 

35 

2 15 

2 58 

1 34 

78 

22 

R F 

38 

1 38 

1 63 

0 97 

73 

27 

L G 

44 

1 40 

1 60 

1 14 

64 

36 

L W 

42 

1 75 

2 33 

0 95 

77 

23 

R S 

47 

1 41 

2 00 ' 

1 

0 74 

7o 

25 

1 


T\bi.b II 


Recovery of Citric Acid Added to Human Blood 


Subject 

Citric acid present 
in 1 0 ml whole 
blood* 

Total citnc Tcid 

Per cent recovery 

Theoretical 

Analytical 


mz 

tW£ 

mg 


G W 

0 0164 



98 1 

R W 

0 0182 



97 1 

F S 

0 0145 



97 1 

R L 

0 0181 



101 4 

G W 

0 0157 



101 9 


^ 0 0210 mg of citnc acid standard added in each case 


Adequacy of Fell oleum Eihei Extraction — Repeated extiactions of the 
reaction medium ^nth petroleum ethei are unnecessary A 2 mmute 
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period of vigorous sbalong was found to extract completely all the bromo- 
acetone derivative present 5 mmutes of shaking were used to insure 
complete extraction 

Washing of Petroleum Ether Solutwn and Funnel — ^The reaction mixture 
for the formation of the bromoacetone derivative contams high concen- 
trations of bromide Smce the final color test is a measure of the small 
amount of bromme present as the bromoacetone derivmtwe, verj'^ careful 
Bashing of the separator 5 >- funnels and of the extiacts is necessaiy 
Bromide is very sparmgly soluble in petroleum ethei , and contammation 
is most hkel 3 '- to come from inadequate washing of the funnel If the 
B'ashmg IS satisfactory, a blank earned through the entue procedure will 
show no more color than a blank for the hypoclilorite oxidation only 

Adequacy of SulfUe Extraction — Although a maximum amount of bromide 
from the pentabromoacetone is transferred to the sulfite solution by 5 
mmutes extraction, some of the bromme m the aqueous phase may still 
be m orgamc combination This is mdicated, smce the sulfite extract 
gave sh^tly higher results if given a prelimmary heatmg before the hypo- 
chlonte addition Hence samples were routinely placed in the boiling 
water bath about 5 mmutes before the hypochlorite addition 

Oxviation of Bromide to Bromate — Comparative tests showed that all 
the bromide is oxidized to bromate under the given experimental conditions 
withm 2 mmutes at the temperature of the boilmg water bath The heatmg 
penod was extended to 4 mmutes to insure complete oxidation 

Eqmvalent quantities of bromide added before heatmg with hypochlonte 
or of bromate added after heatmg with hypochlorite yielded exactly the 
same amount of color The amount of hypochlonte added is sufficient 
to oxidize all the sulfite and to leave an excess for oxidation of the brormde 
The oxidation by hypochlonte is mterfered with by glycerol and possibly 
by fairly large quantities of other similar substances This mterference 
was noted when glycerol was used to seal the stoppers of the separatory 
funnels dunng extractions 

Reduction of Hypochlonte with Formate — ^The decomposition of the excess 
hypochlonte by the formate takes place very rapidly at 90-100°, but much 
more slowly at room temperature Thus it is necessarj’- to add the formate 
before coolmg the samples 

Conditions for Color Development — ^It was desired to find conditions under 
which the lodme hberated by reaction with the bromate could be used for 
the colorimetric measurement The colonmetnc measurement is preferable 
to the titnmetnc techmque, smce it is faster, more sensitive, and precise 
for the small concentrations of lodme mvmlved Under conditions cus- 
tomarily used m titnmetnc procedures, contmued liberation of iodine from 
the excess of iodide proceeds at a rate far too rapid for satisfactory colon- 
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metric measurement It was found that at a higher pH and with the 
addition of molybdate as a catalyst the liberation of lodme reached a 
plateau withm 10 mmutes, after which subsequent color increase was very 
slow Thus a piecise colorimetric estimation is possible Close regulation 
of the pH is necessaiy In the above piocedure regulation of the pH is 
accomplished by the use of sodium dihydrogen phosphate in the sulfite 
extraction medium togethei with the phosphoiic acid just before the color 
development to foim a buffei of an appiopriate pH. 

Both sulfite and hypochlorite will inteifeie in the color development, 
sulfite by i educing the libeiated iodine, and bypocbloiite by liberating 
lodme fiom the excess iodide Thus it is important that all the sulfite be 
oxidized by the hypochloiite and that the hypochloiite be completely 
reduced by the formate 


SUMMARl 

1 A colorimetric method has been desciibed for the determination of 5 
to 50 7 of citric acid in whole blood and plasma 

2 The method is a modification of pievious methods based on the con- 
version of citric acid mto a biomoacetone derivative, together ivith a new 
procedure for the microcoloiimetric deteimination of the amount of bro- 
mine present as the bromoacetone derivative 

We gratefully acknowledge the valuable assistance of Mi S E Lenz 
The work was initiated at the suggestion of Dr Eugene Lozner Also it is 
a pleasure to aclcnowledge the valuable contiibution of Miss Sonia Lemish 
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INFLUENCE OF INSULIN PREPARATIONS ON GLYCOGENO- 
LYSIS IN LIFTER SLICES* 

Bi EARL W SUTHERLAND and CARL F CORI 

(From the Department of Biological Chemistry, Washington University 
School of Medicine, St Louis) 

(Recei\ eel for publication, July 28, 1947) 

Shipley and Humel (1) have shown that addition of insulin to rat liver 
shoes with high glycogen content incubated in serum causes an increase 
in sugar output when compared with livei shces incubated without insulin 
Although this obsertmtion has been confirmed, it has been found that the 
glycogenoljdiic action is not related to the ability of insulin preparations 
to produce hypoglycemia when injected into the intact animal This 
follow s from the fact that the hypoglycemic action of insulin preparations 
can be destroyed by treatment with cysteine or with alkali without destroy- 
ing the glycogenolytic effect Furthermore, a Danish msulin preparation, 
which caused hypoglycemia w'hen injected mto animals, had no glycogeno- 
lytic action on hver slices 

The experiments reported m this paper show that hver shces incubated 
in vitro represent a sensitive and reproducible test system for a glycogenoly- 
tic factor which is present m highly punfied amorphous as well as m crystal- 
Ime zinc insulin preparations 

Methods 

Well fed rats or rabbits were bled under ether or pentobarbital anesthesia 
and part of the liver was rapidly excised and placed in cold isotonic solutions 
of sodium chlonde or potassium chlonde After several nunutes of chill- 
ing,* a section of the liver w^as placed and held firmly betw^een cold ground 
glass surfaces Shces w'ere prepared from such sections, and the slice 
thickness w'as estimated by watching the razor blade as it sliced through 
the upper portion of the liver section m contact with the ground glass 
surface The shces m any one experiment were from the same section 
of the hver and were matched as closely as possible The individual slice, 
approximately 1 cm m length and width, was w eighed on a torsion balance 
Most slices weighed in the neighborhood of 70 mg , thinner slices of 40 to 
50 mg and thicker shces of approximately 130 mg weight were also used 

* This work was supported bj a Rockefeller Foundation postwar assistantship to 
E S and by a research grant from Eli Lilly and Companj 

* The liver may be allowed to stand in cold saline for some time before slicing, but 
should not be kept at room temperature longer than is necessary 
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successfully In most cases one slice was incubated in a Vi aiburg vessel 
containing 1 6 cc of fluid shaken at the rate ol 1 10 oscillations per minute 
Both aeiobic and anaeiobic experiments "woie earned out Incubation 
tempeiature was 37° in all cases In most cxpeiiments the final insulin 
concentration was appioximatel}’- 0 03 mg pei cc - 

Several bufleis iveie used, but usually an isotonic clilondc-phosphate 
solution with sodium or potassium cations was employed The glucose 
output fiom the slices was measured bj’^ determining glucose in the medium 
after depiotemizmg an aliquot unth barium hydi oxide and zme sulfate 
The Nelson method (2) was used foi the sugai deteimmations Glycogen 
i\as detei mined by the method of Good, Kiamer, and Somogyi (3), the 



Fig 1 Tiino curve of glycogenolytic effect of insulin in slices of rat liver Slices 
n ere incubated in test-tubes containing 11 0 cc of NaCl-K"HPO< buffer, pH 7 5 Oi 
was constantl 5 passed through the buflei and aliquots of media were taken for 
analysis at times indicated Tlio insulin concentration was 0 055 mg per cc 

glucose in the acid hydiolysatc being determined by the Nelson method 
Phosphate v as deterrmned by the method of Fiske and Subbai on (4) Pro- 
tein was detei mined by the biuret method of Weichselbaum (5) 

Glucose Oulpui from Liver Slices of Different Species — Rat hvei slices 
incubated aerobically were used in preliminary expeiiments With these 

5 The insulin used in the present inicstigation was of thiee types Insulin A, 
crjstallino /me insulin supplied bj Eh Lilly and Company, insulin B, a highly puii- 
fied nmoiphous prep vral ion (20 units per mg ) supplied by Eh Lillj nnd Coinpan> , 
and insulin C, crystalline rinc insulin pieparcd b\ ISToso Tcrapcutisk Lihoiatouum, 
Denmark For brevity’s sake, unless otherwise specified, the term "insulin” refers 
to insulin A or B, both of which contain the glycogenolytic factor 
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an increased sugar output can be seen legularly m the presence of insulin 
if a time cur\ c is made An example is ‘shown in Fig 1 , it emphasizes the 
importance of choosing the optimal time foi sampling, because w ith time the 
sugar output of the control slices maj' leach that of the slices incubated 
with insulin In tuenty-tuo compaiisons i\ath slices fiom mne rats, the 
average increase in the glucose output mth insulin vas 31 per cent Two 
of these comparisons showed an equal glucose output with and vithout 
insuhn, none showed decreased output with insulin Shipley and Humel 
obsen’'ed a doublmg of the sugar output after 2 hours of incubation Avith 
insuhn but it should be noted that they incubated the slices in serum and 
not in phosphate buffer 

The glycogenoljrtic effect of insuhn on rabbit In er slices is more marked 
than on rat In er slices and can be demonstrated after short as v ell as after 

Iable I 

Effect of Insulin on Glucose Output from Rabbit and Rat Liver Slices 


The results are expressed in per eent increase in glucose output on comparing con- 
trol slices vuth slices incubated with insulin The amount of insulin added was 
0 006 to 0 08 mg per cc , usually 0 03 mg per cc 


|n 

No of experuneots 

Increase with msulm 

Aerobic 1 

Anaerobic 

Range 

Average 

Rabbit 

4 

2 


Per cent 

33 


5 

17 


105 


5 

5 

150-400 

262 

Rat 

17 


0- 50 

19 


5 


50-100 

72 


long incubation periods In fourteen aerobic and twenty-four anaerobic 
experiments, insulin increased the glucose output m each case, on an average 
of 135 per cent The slices were prepared from the livers of twenty-three 
rabbits For some of the anaerobic experiments commercial nitrogen was 
used without further purification Since there was still some O 2 consump- 
tion present, nitrogen punfied by passage ox er heated copper v as used m 
later experiments Table I summarizes the experiments on the effect of 
insuhn on the glucose output from rabbit and rat In er slices 
One aerobic experiment vath cat liver slices gax e an increased output of 
glucose m the msulm sample amounting to ox er 200 per cent and in one 
aerobic experiment xnth pigeon hvei shces the increase xxas 170 per cent 
Subsequent experiments were carried out xxath rabbit In er shces 

delation to Glycogen Brcafdoiin — Glx cogen analj-sis shoxxed that the m- 
creased glucose production xx ith insuhn was accompanied by an mcreased 
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rate of glycogen breakdown in the slices In Table II it may be seen that 
approximately 60 per cent of the glycogen which disappeared was found as 
glucose in the fluid m which the slices weie shaken The loss of carbohy- 
drate by oxidation and lactic acid foimation was not taken into account 
Buffers — The glycogenolytic effect of insulin was obsen^ed m all buffers 
employed These included (1) isotonic chloiide-phosphate buffeis mtli 
cation all sodium, all potassium, oi a mixtuie of both, (2) chloride-phos- 
phate buffers plus bicarbonate, (3) mammalian Ringei’s solution plus 
phosphate, and (4) Krebs’ phosphate buffer (w ith no calcium added) The 
pH lange was from 7 2 to 7 6 In two experiments a gtycogenolytic effect 

Table II 

Relation of Glycogen Disappearance to Glncosc Output 
Single slices from tlie same section of a rabbit liver were incubated aerobically 
for 60 or 110 minutes Insulin concentration was 0 05 mg percc After incubation, 
an aliquot of the medium w'as taken for glucose analysis, the remainder, including 
the slice, was heated with 30 per cent NaOH for glycogen analysis In the case of 
glycogen analysis, the glucose output was calculated from the difference m glycogen 
content before and after incubation 


Additions 

Time of incubationj 

Glucose output per 
gm liver 

Glucose output per 
gm h\er minus 
control 

Method of anal} SIS 



ms 

ms 


None 


9 1 


Glucose 

Insulin 


12 1 

3 0 

rr 

None 

60 

15 7 


Glycogen 

Insulin 

60 

21 4 

5 7 

U 

None 

110 

18 3 


Glucose 

Insulin 

110 

24 1 

5 8 

(C 

None 

110 

28 8 


Glycogen 

Insulin 

110 

39 8 

11 0 

1 ** 


of insuhii was obtained at pH 6 4, although it w^as somewhat less than the 
effect seen in duplicate expeiiments at pH 7 4 
Effect of Cell Disruption — Homogenization of the livei caused disappeai- 
ance of the glycogenolytic effect of insulin Tw^enty animals w^eie used in 
homogenization expei iments, including cats, i abbits, rats, and one pigeon 
Variation of media, degree of homogenization, and centrifugation w^eie 
tiled, but w'lth one exception lesulted in negative expeiiments Freezing 
the tissue, eithei before oi aftei slicing, had relatively little effect on the , 
glucose output wnthout insulin, but caused a disappeaiance of the acceler- 
ating effect of insulin on glycogenolysis An example is sliowm in Table III 
Anacrobiosis — The glycogenolytic effect of insulin on labbit liver slices 
can be demonstrated undei stiictly anaerobic conditions (Table HQ In 
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Experiment L, where the glycogenolj'tie effect of insulin is compared under 
anaerobic and aerobic condition'?, it may be seen that the effect is onlj^ half 
as great in the former as in the latter case In Experiment 2 it is showm 
that the glycogenolytic effect of insulin is less after 5 minutes of preliminary 

Table III 

Effect of Insnhn on Ltvcr Slices Previously Frozen 
Liver slices were frozen at —20° and a few minutes later were thawed and com- 
pared with unfrozen slices from the same rabbit liver The time of incubation was 
45 minutes 


Additions 

£zperinientnl condition^ 

Glucose output per gm 
h\ er 

Glucose output pcrj;nx 
liver minus control 



mg 

mg 

None 


1 4 


Insulin 


5 4 

4 0 

None 

Previouslj frozen 

2 4 


Insulin 

H it 

2 9 

0 5 


Table IV , 

Effect of Insulin under Anaerobic Conditions 
In Experiment I rabbit liver slices were incubated in air, or in nitrogen purified 
bj passage over heated copper Insulin was added from the side arm at the start 
of the ineubation period In Experiment 2 insulin was added from the side arm at 
0 time, after 5 and 20 minutes The total period of incubation was 40 minutes in 
both experiments 


Experiment 

No 

Additions 

Gas phase 

Glucose out 
put per gm 
lit er 

Glucose out 
put per gm 
liver minus 
control 




mg 1 

mg 

1 

None 

Air 

10 2 



Insulin 

f 1 

16 4 

6 2 


None 

Nitrogen 

8 4 



Insulin 

(( 

11 5 

3 1 

2 

None 

C( 

5 1 



Insulin at 0 incubation time 

Cl 

11 3 

6 2 


“ “ 6 mm incubation time 

Cl 

9 9 

4 8 


(( it 2q << ** 

CC 

1 57 

0 6 


anaerobic incubation of the liver slices and disappears almost completely 
after 20 minutes of preliminary anaerobic incubation 
As shown in Table IV, Expenment 1, less glucose is formed anaerobically 
than aerobically, even when no insulin is added This confirms a similar 
observation made by Jeener (6), who made a detailed study of this phe- 
nomenon and concluded that there w as a greater loss of adenyhc acid m 
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li\er slices under anaerobic than under aerobic conditions and that tins 
Mould influence the late of glycogenolysis, since adenylic acid activates 
phosphorylase Accoidmgly, the effect of addition of adenylic acid to livei 
slices has been tiled, but a cleai cut effect on the rate of gb'cogenolysis or on 
the magnitude of the glycogenolytic efiect of insulin could not be demon- 
strated during 1 houi of incubation 

Point of Action — ^Table V piesents thiee experiments m nhich an at- 
tempt was made to localize the action of insulin on glycogenolysis Ex- 

Table V 

Effect of Inorganic Phosphate and Glncosc-1 -Phosphate on Glucose Output in Rabhl 

Liver Slices 


In Experiment 1 the slices were incubated in bicarbonate buiTer, in Expenments 
2 and 3 in saline phosphate buffer 


Experiment 

No 

Additions per cc 

Glucose out- 
put per gm 
liver 

Glucose output 
per gm liver 
minus control 

Tunc of 
incubation 



mg \ 

tns 

mtn 

1 

None 

2 1 


40 


Insulin, 0 03 mg 

1 3 3 

1 2 

40 


None 

2 4 


65 


Insulin, 0 03 mg 

4 4 

2 0 

55 

1 

Phosphate, 0 06 cc 0 1 m 

2 2 


60 


“ 0 06 “ 0 1 “ -f insulin, 

0 03 mg 

7 6 

5 4 

50 

2 

None 

1 3 


45 


Insulin, 0 06 mg 

4 7 

3 4 

45 


Glucose-l-POr, 3 0 mg 

4 4 


60 


“ 30 “ 4- insulin, 

8 1 

3 7 

50 


0 06 mg 




3 

None 

4 7 


60 


Insulin, 0 05 mg 

5 2 

0 5 

60 


Glucose-l-phosphate, 40 mg 

30 4 


60 


“ 40 “ -fill- 

31 3 

0 9 

60 


sulin, 0 05 mg 

I 




perimeiit 1 shons that addition of phosphate is necessarj'^ for the full 
glycogenolytic effect of insulin, which points to an action on the phos- 
phorylase system In Expeiiment 2, slices iveie incubated in a saline phos- 
phate buffei ivitliout 01 ivith the addition of glucose-l-phosphate The 
slices weie able to dephosphorylate glucose-l-phosphate m addition to the 
estei supplied from glycogen by phosphoiylase activity^ This indicates 
that, phosphoiylase, rather than phosphoglucomutase and phosphatase, is 
limiting the over-all rate of glucose foimation from glycogen The same 

“ It IS iissumed that the reactions involved in glucose formation arc glycogen + 
POi -♦ glucose-l-POi -♦ glucose C-PO* glucose + POi 
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result ^\as obtained m Experiment 3, in \ihicli a high concentration of 
ghicosc-1-phosphate m as added to a In ei slice from a fasted rabbit * In 
homogenates, as in slices, the phosphorjdase actmty was agam found to 
be the limiting step for the rate of glucose formation from glycogen In- 
sulin, as shown in Table V, had no effect on dephosphorylation of glu- 
cose-l-phosphato 

The glycogenolytic effect of msulm appears to be on the phosphorylase 
system and is dependent on an intact cell stnicture, this makes it difficult to 
im estigate the mechamsm of this insulin effect 


T^ble VI 

ibsence of Glycogcnohjlic Effect of Other Proteins on Rabbit Liver Slices 
The tune of incubatiou i\as 45 nunutes 


Erj)criment 

No 

Additions per cc | 

Glucose output 
pergra U\er 

Glucose output 
per gnu liver 
minus control 



fnz 

mg 

1 

None 

2 4 



Insulin, 0 03 

5 0 

2 6 


Dialyzed rabbit serum, 0 09 

3 0 

0 6 


“ “ “ 0 09 -f insulin, 

0 03 

6 2 

3 8 

2 

None 

1 9 



Insulin, 0 06 

9 0 

7 1 


Casein, 0 18 


0 1 

3 

None 

2 4 



Insulin, 0 03 

5 7 

3 3 


Tnose dehydrogenase, 0 03 

2 3 

-0 1 


Zem (suspension), 0 06 

2 4 

0 0 


Commercial hydroljsate wrheat gluten, 

0 06 

2 7 

0 3 

4 

None 

2 6 

i 


Insulin treated ivith alkali, 0 05 

5 8 

3 2 


Ribonuclease, 0 04 

2 8 

0 2 


“ treated with alkali, 0 06 

2 3 

-0 3 


Egg albumen “ “ “ 0 06 1 

2 1 

[ -0 5 


Specificity — A number of proteins and other substances m ere added to the 
slices and their effect on the glucose output as measured All additions 
failed to reproduce the effect of insulin (Table ^T) With dialjzed rabbit 
serum, a slight increase in the glucose output was noted Insulin in the 
presence of serum appeared to have a larger glycogenolj^tic effect than in its 
absence Other substances not included in Table '\T[ -which were tested 

* When Iner slices are incubated with gluco‘=e-l-phospbate plus fluoride, a rapid 
Ejnthesis of glycogen takes place within the slice (71 This shoivs that glucosc-1- 
nhosphate is able to diffuse into the li\er cells 
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EFFECT OF INSULIN ON GLTCOGENOLYSIS 


wth negative results weic cysteine, cj^stine, adenylic acid, coenzyme I, 
nboflavm, nicotinamide, and folic acid It would appear that the glyco- 
genolytic effect of insulin pieiiaiations is lathei specific 
The ne\t question was whethei oi not the glycogenolytic effect was 
related to the hypoglycemic action of insulin In Table VI, Expenment 4, 
it IS showTi that insulin inactivated by tieatment with alkali still pioduced 
a glycogenolytic effect, while othei pioteins tieated in the same maimer 
had no effect on hepatic glycogenolysis Fuithei expenmen ts aie given m 
the next section 


Table VII 

Effect of Vaiying Amounts of Insulin before and after Treatment with Cysteine 

or Alkali 


Rabbit liver eiices were incubated for 40 minutes 


Experiment 

No 

Additions per cc 

Glucose output 
per gm liver 

Glucose output 
pergm liver 
minus control 


mg 

ms 

ms 

1 

None 

2 3 



Insulin, 0 0006 

2 4 

0 1 


“ 0 03 

5 1 

2 8 


“ 0 06 

6 6 

3 3 


“ treated with cj'steine, 0 03 

5 3 

3 0 

2 

None 

2 4 



Insulin, 0 006 

4 6 

2 2 


" 0 03 

5 0 

2 6 


“ treated with cysteine, 0 03 

6 6 

3 2 

3 

None 

2 8 



Insulin, 0 003 

4 5 

1 7 


“ 0 03 

6 0 

3 2 


“ treated with alkali, 0 003 

4 5 

1 7 


" " “ “ 0 03 

7 1 

43 


Glycogenolytic Effect of Inactivated Insulin — Insulin vas treated witli 
cysteine oi alkali to the stage wheie no hypoglycemic action could be demon- 
strated in the intact animal Cysteine inactivation was earned out in Thun- 
berg tubes foi 2 to 20 houis with a cysteine to insulin latio of 40 1 by 
weight Excess cysteine was piesent at the end of the incubation time 
Alkah-inactivated insulin usually w’^as piepaied by incubating insulin wuth 
0 08 N KOH foi 3 houis at 36° Foui labbits (tw^o fasted and tw'o fed) 
were injected mtiavenously woth 1 G to 2 0 mg of the alkah-tieated insulin 
Blood sugars w'ere deteimined for 3 hours after injection In no case wms 
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any hypoglycemia obsen^ed 30 minutes aftei injection the aveiage blood 
sugar level was 20 per cent above the level before injection 

Table VII shons that the glycogenolytic effect of varying amounts of 
insulin before and aftei incubation mth cysteine or alkali remained prac- 
tically the same 

It has been shown preiiously that alkali-inactivated insulin loses its 
effectu eness in the hexokinase test system (8) The limiting reaction for 
the uptake of glucose by the isolated rat diaphragm (Gemmill (9)) is prob- 
ably the hevokmase reaction In twenty-ti\o evperunents on rat dia- 
phragms a stimulation of glucose uptake could not be demonstrated with 
alkali-mactivated insulin, while stimulation was regularly observed with 
native insulin 

Properlies of Insulin Inactivated by Alkali — ^^Vhen msulm solutions after 
incubation m 0 08 n KOH were adjusted to pH 5 8 HCl, hydrogen sulfide 
was released and some protem was precipitated The precipitate was 
removed and trichloroacetic acid w'as added to the clear supernatant flmd 
to give a final concentration of the acid of 5 per cent A second precipitate 
formed which was removed and was found to be active m the glycogenolytic 
test The filtrate was shaken with ethei to remove the tnchloroacetic 
acid On the bas's of quantitative biuret determmations it contamed about 
15 per cent of the alkali-treated msulm protem and per umt of protein w as 
about one-half as active m the glycogenolytic test as the origmal msuhn 
The tnchloroacetic acid filtrate of native msuhn did not contam material 
givmg the biuret reaction and did not accelerate glucose output m hver 
shces (Table VIII) 

When alkali-mcubated msuhn w’as neutrahzed and dialyzed m a cellophane 
sac for 24 hours at 5°, 2 to 3 per cent of tlje protem w as recovered m the 
dialysate on the basis of biuret determmations The dialysate w as about 
as active per umt of biuret reading as the undialyzed matenal The 
dialysate of native msulm did not contain glycogenolytically active matenal 
(Table VIII) The change m the properties of the glycogenolytic factor 
after treatment with alkali (incomplete precipitation wnth tnchloroacetic 
acid, partial diffusibility through a cellophane membrane) suggests that it 
can be degraded by alkali to some extent wnthout losing its activity The 
glycogenolytic activity of insulin was lost after more ngorous treatment 
ivith alkali (40 minutes at 100° in 0 08 n KOH) The fact that the glyco- 
genolytic factor m aUcah-treated msulm lost its activity on mcubation with 
tiypsm (Table IX) suggests that it is a protem or polypeptide 
Experiments with Insulin C — It has been reported by deDuve, Hers, and 
Bouckaert (10) and by Olsen and Klem (11) that a Danish msuhn m 
contrast to certam other commercial msulm preparations did not produce 
an initial hyperglycemia w’hen injected intrai enously mto the mtact animal 
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A sample of tins msulm, kiudly supplied by Dr Olsen, was tested for its 
glycogenolytic effect on livei slices Since this prepaiation contained con- 
siderable amounts of preservative, dialyzed piepaiations were used m all 
but preliminary expenments Dialyzed preparations of insulin A- were 
used as controls The dialyzed sample of the Danish insulin, insulm C,- 
while possessing hypoglycemic activity in the intact animal, did not accel- 
erate glycogenolysis in hvei shces Examples are given in Experiments 1 

TABI.E VIII 

Propcrhcs o/ Pioditcts Formed hy Trcafmini of Insnhn with Allah 
Rabbit liver slices veic incubated for 45 minutes In Experiment 1, insulin, or 
insulin pretreated with alkali, was piecipitatcd with trichloroacetic acid and the 
filtrate, aftei removal of the trichloroacetic acid with ether, was added In Exper- 
iment 2, a dialjsate of alkali-treated or native insulin was added 


Etpenmenl 

No 

Additions per cc 

GIucoic output 
per pm liter 

Glucose output 
per pm liver 
minus control 


mg 

1 

mg 

m 

1 

None 

I ^ * 



Alkali-ticated iiisulin-tnchloroacelic acid 
filtrate, 0 014 

1 

1 4 


Alkah-treatcd insulin-tnchloroacetic acid 
filtrate, 0 140 

i 2 

2 5 


Native insului-tnchloi oacctic acid filtrate 
(0 OG cc ) * 

2 4 

0 7 


Insulin, 0 006 

3 4 

1 7 


“ OOG 

4 7 

3 0 

2 ! 

None 

1 3 5 



Alkali-treated insulin dialjsato, 0 006 

1 6 0 

2 5 


Native insulin dialysate (0 12 cc )“" 

3 S 

I 0 3 


Alkali-treated insulin, 0 03 

5 8 

1 2 3 


“ “03 i 

6 1 

2 6 


The volume m cc was equivalent to that added to the livei slices in the exper- 
iment represented in the preceding hnc 


and 2, Table X Experunent 3 shows that insulm C does not pi event the 
glycogenolytic eftect of added msuhn A 

When insulin C vas meubated with 0 08 n KOH at 36° foi 3 houis and 
for 16 houis, 01 with 0 1 n HCl foi 16 hours, it did not acquire glycogeno- 
lytic piopcities (Table XI) 

It has lieen po=!Sible to demonstrate where the sepaiatiou of the glyco- 
genolytic component occuis in the process of the puiification of insulm 
Tour insulin prepaiations (in solid form) xvere kindly supplied by Di 
Hallas-hloellcr of the Xovo laboiatories Expenments ivith these prepai a- 
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tions are shoTvn m Table XII It may be seen that tbe ^ycogenolytic 
acti\nty is not lost iihen the amorphous msulm I is recrystaUized bj’- a 
modification of the Scott and Fisher method (12), but is completely lost 
ivhen recrj’'stalhzed by the method used by the makers of insnhn C 
In confirmation of these results it has been found that the gtycogenolytic 


Ts-bue IX 

Effect of Crystalline Trypsin on Products of All ah-Trcatcd Insulin 
Rabbit liver slices were incubated for 45 minutes 


Additions per cc 

Glucose output 
pergm li\er 

Glucose output 
pergm liver 
minus control 

1 

mg 

mg 1 

mg 

None 

1 5 


Alkali-treated insulin, 0 025 

3 4 

ISi 

“ “ 0 025, after incubation with 

1 6 

0 1 

trypsin, 0 016 

Alkali-treated insulin, 0 025, plus trypsin* 0 016 

3 8 

[ 2 3 


* In this case trypsin was added at the start of the incubation penod of the liver 
slices 


Table X 

Absence of Glycogenolytic Effect in Insulin C 
Rabbit liver slices were incubated for 45 minutes 


Experiment 

No 

Additions per cc 

Glucose output 
per gra liver i 

Glucose output 
pergm liver 
minus control 


mg 

mg 

mg 

1 

None 

9 1 



Insulin C, 0 06 

9 3 

0 2 


“ B,0 05 

15 6 

6 5 

2 

None 

9 0 



Insulin C, 0 06 

9 7 

0 7 


“ A, 0 006 

15 4 

6 4 

3 

None 

7 4 


1 

Insulin C, 0 035 plus insulin A, 0 03 

13 9 

6 5 


“ A, 0 03 


5 6 


activity of inKiilm A is not readily lost by isoelectnc precipitations, or 
recrystalhzation from phosphate buffers In one experiment mth the Abel 
method (13) of purification, considerable separation vas achieied The 
Abel method was followed exactly until a few crj’-stals had formed These 
V ere removed and water was added dropmse to the heaTuly buffered solu- 
tion until a shght haze appeared A partly amorphous, partly crystalline 

















748 - 


EFFBCt OF iNStJLIN ON GliYCOGENOLYSIS 


TAni.r XT 

Insxdtn C after Incuhatwn vnlh Allah and Acid 


Rabbit liver slices were incubated for 40 minutcB 


Experiment 

No 

Additions per cc 

Glucose output 
per gm liver 

Glucose output 
pergm liver 
minus control 


mg 

mg 


1 

None 

6 1 

HH 


Insulin C, treated with 0 08 n KOII for 

6 0 



3 hrs at- 36°, 0 06 

- 



Insulin B, 0 05 

11 4 


2 

None 

6 7 1 


1 

Insulin C, treated with 008 n KOH for 

16 hrs at 36°, 0 045 

6 0 - J 

-0 1 


Insulin C, treated u ith 0 1 n HCI for 16 
hrs at 36°, 0 045 

6 4 

-0 3 


Insulin B, 0 045 

15 0 

8 3 


Table XII 

Loss of Glycogenohjltc Activity on Recrystalhzniwn of Insulin 


Rabbit liver slices vere incubated for 45 minutes 


Experiment 

No 

Additions per cc 

Glucose output 
per gm liver 

Glucose output 
per gm liver 
minus control 


mg 

mg 

wg 

1* 

None 

5 7 



I Amorphous insulin from makers of insulin 
C, about 15 units per mg , 0 06 

10 4 

4 7 


II Crystalline insulin (recrystallized) pre- 
pared from I by modified method of 
Scott and Fishei, 0 06 

9 3 

3 6 

1 

III Crystalline insulin, prepaied from I by 
makeiB of insulin C, 0 06 

8 3 

2 6 


IV Recrystallized from III by makers of 
insulin C, 0 06 

5 2 

-0 5 


Insulin B, 0 06 

10 0 

4 3 

2 

None 

5 1 



Insulin I, 0 06 

13 2 

8 1 


” 11,0 06 

11 0 

5 9 


“ 111,0 06 

9 0 

3 9 


“ IV, 0 06 

5 2 

0 1 


“ B, 0 06 

10 5 

5 4 


* All the results are the averages of two paired liver slices 
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precipitate formed which had no glycogenolytic activity when tested m a 
concentration of 0 03 mg of protem per cc but had some activity when 
tested m a concentration of 0 13 mg per cc 

DISCUSSION 

The mitial hyperglyceima which has been observed m mtact animals 
after intravenous injection of vanous insulin preparations (14) and the gly- 
cogenolytic effect of insulin on isolated liver slices appear to be related 
phenomena This follows from the fact that a Danish insuhn^ which fails 
to, produce imtial hyperglycemia in mtact animals also fails to cause 
increased glycogenolysis m hver shces 

There are a number of questions raised by the presence of a potent 
glycogenolytic factor in highly purified insulin preparations -nhich cannot 
be answered at the present time One vould like to know whether the 
factor, if ongmally present m the pancreas, has any physiological sig- 
mficance and whether previous experimental results, particularly those 
relatmg to the effect of msulm on liver glycogen in intact animals, were 
influenced by the presence of the glycogenolytic factor Finally, the possi- 
ble effect of the glycogenolytic factor after mtravenous injections of large 
doses of insuhn in man should not be overlooked 

The in vitro effects of insulin on the glucose uptake by the isolated dia- 
phragm and on the hexokinase reaction w'ere shown to be abolished by 
treatment of msulm with alkali This would indicate that they are caused 
by msulm itself It remams to be seen w'hether this is true for other in 
vitro effects of insulin, for example those on respiration and on gluconeogen- 
esis 


SUMMARY 

1 Highly purified amorphous as well as crystallme zinc msulm prepara- 
tions contam a factor other than msulm which increases the rate of conver- 
sion of glycogen to glucose m isolated hver slices suspended m phosphate 
buffer The average increase with rabbit li\ er slices was over 100 per cent, 
and 0 006 mg of the above msulm preparations per cc of medium gave a 
nearly maximal response The glycogenolytic effect of “msulm” could not 
be reproduced by other proteins, by a protem hydrolysate, or by a number 
of other substances 

2 When the cell orgamzation was disrupted by grindmg or by freezing 
and thawang, or w'hen the slices were kept anaerobically for 20 minutes at 
37°, “insuhn” failed to exert a glycogenolytic effect 

3 Phosphorylase activity was found to be the limiting step for the 
reaction, glycogen — » glucose, m hver shces (and homogenates) w hich indi- 
cates that the glycogenoljdic factor acts on the phosphorjlase system 
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4 Insulin treated with cysteine or alkali to a point when It no longer 
pioduced hypoglycemia in intact animals did not lose its glycogenolytic 
effect In native insulin (but not m alkah-inactivatcd insulin) the glyco- 
genolytic factor was completely precipitated by tiichloioacetic acid and 
Avas not dialyzable, its destiuction by tij’-psm suggests that it is a protein 

5 A Danish insulin pi eparation was found to be free of the gl 3 ’’cogenol 3 dic 
factoi Avhen 0 06 mg pei cc v as added This was shown to be due to a 
special method of ci 3 ''stallization used by the manufacturers of this insuhn 
Isoelectiic precipitation oi iecr 3 ''stallization of ciystalline zinc insuhn did 
not lead to a sepaiation from the glycogenol 3 'tic factor, while purification 
by the method of Abel el al ivas pai tially successful 

6 It IS concluded that the initial hypergh’^cemia vliich is observed in 
intact animals after intravenous injection of ceitain insuhn pieparations is 
caused by a glycogenolytic factoi which acts directly on the liver 
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Snell and Mitchell (1) and Stokstad (2) have shown that thymine and 
punnes are eapable of promotmg growth of Streptococcus faecahs R and 
Lactoiacilhts casei m the absence of an exogenous supply of fohe acid 
Stokes (3) was unable to detect folic acid m cells of such orgamsms after 
growth m a thy min e- and purme-contammg medium but did detect the 
presence of fohe acid in cells after growth in a folic acid-containmg medium 
On the basis of these data and in view of the small eoncentration of fohe 
acid necessary to replace the thymme reqmrement, Stokes suggested that 
fohe acid functions as “a coenzyme for the enzyme system responsible for 
the synthesis or thymme (or more probably a tbymme-hke eompound) 
which in turn is used by the bacteria to form nucleic acid ” 

Hitchmgs, Falco, and Sherwood (4) pomted out that “this hypothesis is 
not an adequate explanation of the action of thymme” m view of their 
results with analogues of thymme The toxicity of some of the thymme 
analogues for LactoiaciUus casei was prevented by mcreased concentrations 
of either fohe acid or thymme, however, 5-mtrouracil inhibited growth 
stimulated by fohe acid but not by thymine, while 5-bromouracil inhibited 
growth stimulated by thymme but not by fohe acid Hitchmgs el al 

(4) accordmgly suggested that “the two nutnents act, m some fashion, as 
alternative rather than as two components of an anabohe system ” Hall 

(5) has also questioned the suggestion of Stokes (3) and, as the result of 
data showmg synergistic growth-promoting effects of fohe acid and thy- 
mine on Streptococcus faecahs R, has mdicated that “it thus seems likelj’- 
that the thyname may actually be a precursor of fohe acid or that thyimne 
IS participating m some alternative metabolic path ” 

In the present investigation, a fohe acid analogue which competitively 
prevents the functionmg of fohe acid m Lactobacillus casei has been em- 
ployed m order to determine the relationship of purmes and thymme to 
fohe acid Application of the techmques of inhibition analysis gave results 
vhich indicate that fohe acid functions as a coenzyme, or m the formation 
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BIOCHEMICAL TRANSFORMATIONS VII 


of a coenzyme, necessary for the biosynthesis of puiines and thymine or 
their equivalents 


EXPERIMENTAL 

Souice oj Maienals — The folic acid used in these expeiiments was syn- 
thetic pteroylglutamic acid (folvite, folic acid powder) obtained from the 

TABLh I 

Companion of Effects of Purines on Toxicity of Methylfohe Acid 


Test organism, Lactobacillus caset, incubated 72 hours at 37° 


Purine 

Methylfohe acid* 

1 

Galvanometer readingst 

Without added thjminc 

With added thymine 
(30 7 per 10 cc ) 

yOO f per 10 cc 

^ r Pcf iO cc 



None 

0 

75 5 

81 5 


1 

79 0 

80 5 


3 

3 0 

8 0 

Guanine 

0 

89 5 

90 0 


3 

86 0 

89 5 


10 

5 0 

86 0 


30 


80 0 


100 


12 0 

Adenine 

0 

90 0 

91 0 


3 

86 5 

90 0 


10 

10 0 

87 5 


30 

3 0 

84 5 


100 


29 0 

Xanthine 

0 

91 0 

91 0 


3 

83 0 

91 0 


10 

5 0 

89 0 


30 

3 0 

85 5 


100 1 


20 0 

Hypo\anthine 

0 

91 0 

91 0 



88 5 

91 0 


10 

5 0 

90 0 


30 

3 0 

82 0 


100 


27 0 


* In the presence of 0 03 -> of folic acid per 10 cc 

t A measure of culture tuibidity, an opaque object reads 100, distilled water 0 


Lederle Laboratories Division, American Cyanamid Company The folic 
acid antagonist, a methyl-substituted pteioylglutamic acid piepared 
fiom a, j8-dibromobutyi aldehyde by the folic acid synthesis pieviously 
desciibed (6), was obtained thiough the couitesy of Di E L R Stokstad 
Competitn e inhibition of the functioning of folic acid by this antagonist 
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has been previously demonstrated by Franklm, Stokstad, Belt, and Jukes 
(7) The antagonistic action of the other stereoisomer termed “methyl- 
folic acid” has also been reported (8) The term methylfolic acid as used 
throughout this paper applies to the analogue of Frankhn el al (7) 

Testing Methods — ^The methods of biological testing have been previously 
descnbed (9) The medium (9) was modified by the omission of fohc 
acid, purines, and uracil and by the addition of 1 mg of asparagme, 10 

Table II 

Effect of Hypoxanthinc on Toxicity of Methylfolic Acid 


Test organism, Lactobacillus casei, incubated 66 hours at 37° 


Meth>UoUc aad 

Folic acid 

Galvanometer readings 

Without added b>’poxan 
thine 

With added hypoianthme 
(100 7 per 10 cc ) 

7 ptr 10 cc 

7 per to cc 



0 

0 01 

81 0 

88 5 

0 3 

0 01 

79 0 

89 0 

1 0 

0 01 

3 5 

85 5 

3 0 

0 01 


4 0 

0 

0 1 

85 5 

89 5 

1 

0 1 

84 0 

90 0 

3 

0 1 

6 0 

90 0 

- 10 

0 1 


6 0 

0 

0 3 

82 0 

90 5 

3 

0 3 

82 5 

90 0 

10 

0 3 

4 0 

77 0 

30 

0 3 


6 0 

0 

1 0 

75 0 

90 0 

10 

1 0 

70 5 

90 5 

30 

1 0 

4 0 

68 5 

100 

1 0 


5 0 

Antibacterial inde\ 

30 Co 

100 Ca 


7 of pyndovine hydrochloride, and 1 y of p-ammobenzoic acid per 10 cc 
Culture tubes were inoculated with washed cells from actively growing 
cultures (16 to 24 hours old) of the test orgamsm grown m yeast evtract- 
peptone medium Time and tempeiature of incubation are given m Tables 
I to III 


Results 

As mdicated m Table I, thymme had no effect on the tOMcity of methj 1- 
fohe acid for Lactobacillus casei m the absence of e\ogenous punnes Addi- 
tion of guanme, ademne, \anthine, or hypo\anthine to the medium neces- 
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sitated an increased concentration of metliylfolic acid in aider to inhibit 
giowth of the organism In separate tests, this increase was never greater 
than 3-fold and often only about 2-fold Hypoxantliine gave more con- 

TadiiB III 

Effect of Thyimnc and Hypoxantlnnc on Toxicity of Mcihylfohc Acid 


Test organism, LactohaciUvs casci, incubated GO hours at 37° 


Jlcthjlfolic acid 

Folic acid 

Galvanometer readings 

Without added re- 
versing agent 

Witli added 
lij-powntbine (100 

T per 10 cc ) 

With added hypo- 
xanthme (100 7 per 
10 cc ) and thymine 
(30 7 per 10 cc ) 

7 per JO cc 

7 per 10 cc 




0 

0 03 


91 5 

90 0 

1 

0 03 


91 5 


3 

0 03 


21 0 


10 

0 03 


3 0 

90 0 

30 

0 03 



12 0 

100 

0 03 



4 5 

0 

0 1 


92 0 

91 0 

3 

0 1 1 


92 5 


10 

0 1 1 


6 0 

■ 

30 

0 1 1 



71 5 

100 

0 1 



13 0 

300 

0 1 ! 



5 0 

0 

0 3 

SI 5 

92 5 

91 5 

3 

0 3 

87 0 

92 0 


10 

0 3 

5 0 

81 0 


30 

0 3 


i 1 0 


100 

0 3 1 



39 0 

300 

0 3 



15 0 

1000 

0 3 



10 0 

3000 

0 3 



29 0* 

0 

1 0 

86 0 

91 5 

92 0 

10 

1 0 

83 5 

91 5 


30 

1 0 

4 0 

28 5 


100 

1 0 


4 0 

93 0 

300 

1 0 



25 0 

1000 

1 0 



14 0 

3000 

1 0 



26 0 * 

Vntibactcrial index 

30 Co 

100 Ca 

1000 Ca 


* Some of the turbiditj ivas due to precipitation, but slight growth nas visible 


sistent icsults than did the othci puiincs When one of the purines vas 
added to the medium, the addition of thymine furthci prevented the toxi- 
city of the analogue, so that the coucentiation necessaiy to inhibit giowth 
in this case inci eased about 10- to 30-fold 
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The effect of hiTJOvinthmc on the toxicit}’’ of methylfohc acid is shown 
in Table II From concciitialions of 0 1 to 1 0 7 pei 10 cc of folic acid, the 
ratio of analogue to metabolite just necessarj^ foi maximum inhibition of 
growth (antibacterial index) was about 30 m the absence of added hypo- 
\anthine but increased to about 100 m the presence of added hypoxanthme 
The ratio of methylfohc to fohc acid just necessary to inhibit growth 
changed only 3-fold on increasmg the fohc acid concentiation from 0 01 
to 0 1 7 per 10 cc This deviation from the constant ratio usually obtained 
in other analogue-metabolite growth inhibitions may be explamed by the 
assumption that enzyme saturation is not attained at such low concentra- 
tion levels 

In Table III, the effect of thymme on the toxicity of methylfohc acid 
after addition of hypoxantlune to the medium is shown Though mactive 
in a medium contaming no punnes, thymme added to a medium contammg 
punnes prevented the toxic action of methylfohc acid over a 10-fold mcrease 
in concentration Thus, the antibactenal mdex was 30 m the absence of 
punnes and thymme, 100 m the presence of purines, and approximately 
1000 in the presence of punnes and thymme In the last case, the growth 
of the orgamsm was not completely inhibited, particularly at higher con- 
centrations of fohc acid In separate tests, there vere mdications that 
methylfohc acid was capable of dimmishmg the growth only to a certain 
level, for example, to that corresponding to a turbidity reading of 15 to 
20 However, the inhibition of growth n as sufficient to show that the pomt 
of maximum inhibition was dependent upon a latio of methylfohc acid to 
fohc acid of about 1000 to 3000 m all cases 

In separate tests, inhibition of growth of Laciobacilhis casei with methyl- 
fohc acid in the medium contammg no punnes did not result m the accumu- 
lation of the amme which is formed durmg sulfonanude inhibition of a 
number of bactena (10) and which has been identified as 5(4)-amino-4(5)- 
imidazolecarboxamide (11) 


DISCUSSION 

The term product inhibition index has been defined as the molar ratio 
of analogue to metabohte at which the rate of synthesis of the product of 
the inhibited enzjnnatic reaction is the limitmg process for grov th and ls 
reduced to such an extent as to pre^ ent gro\si;h of the organism m a medium 
not containing this product (12) This term can also be extended to m- 
stances m which the bios3Tithesis of a coenzjme is prevented bj" an analogue 
of a ntamin, and, as a lesult of reducing the rate of coenzjme S3m thesis, 
an enzymatic reaction involvmg this coenz3Tne is deprn cd of its coenz3me 
because of a greater affinit3’’ of other apoenz3Tnes for the same coenz3Tne 
Thus, an exogenous suppl3' of the product of such an enz3matic reaction 
would allow growth to take place at a lower rate of coenz3Tne synthesis 
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Since the latio of the analogue to the metabolite determines the rate of 
conveision of metabolite to coenzyme (13), addition of the product which 
allows growth to occur at a lower rate of syntliesis will result m an increase 
m the latio of analogue to metabolite necessary just to pi event growth 

The competitive inliibition of folic acid by methylfohe acid could involve 
eithei a diiect combination of methylfohe acid with an enzyme of which 
fohe acid IS a coenzyme or, moie likely, a combination of methylfohe acid 
with an enzyme involved in the conversion of folic acid to a coenzyme In 
either event, the teim product inhibition index as outlined above can be 
applied Specifically, the purine inhibition index of Lactobacillus casei 
with regard to the inhibition by methylfolic acid may be interpieted to be 
approximately 30, the thymine inhibition index approximately 100, and 
the inhibition index of another product, as yet not investigated, 1000 to 
3000 These inhibition indices are meiely the ratio of analogue to metab- 
olite at which the biosyntheses of these products become the immediate 
limiting factors for growth 

In the presence of both a puiine and thymine, growth of Lactobacillus 
casci was reduced to a low level by the analogue, but complete inhibition of 
grow'th was often not attained Such results could be explained by assum- 
ing that the analogue has some activity in promoting growth in the piesence 
of thymine and purines. Similar results have been obtamed with panto- 
theme acid analogues (14) However, in view of the abihty of Lactobacillus 
casei to grou in the absence of fohe acid under these conditions, the possi- 
bility of a very slow rate of synthesis of fohe acid seems likely, and fohe acid 
synthesized by the oigamsm may not be antagonized readily by the ana- 
logue Foi example, the growth of yeast stimulated by /3-alanme was not 
antagonized by NTpantoyltauiine, while that stimulated by pantothenic 
acid was pievented by the analogue (15) 

Demonstration of the presence of fohe acid in the cells of Lactobacillus 
casei giown in thymine and purines (3) would be exceedingly difficult, 
since the requirement for fohe acid under these conditions piobably would 
be only a small fi action of the lequirement under the usual assay conditions 
with a medium not containing thymine Furthermore, if fohe acid is 
synthesized by the organism under these conditions, it may be converted 
to a coenzyme entirely different from that involved in purine or thymine 
synthesis and would thus escape detection 

The synergistic action of thymine and fohe acid in promoting groivth 
(5), in a medium containing purines, is most readily explained by the spar- 
ing effect of suboptimal amounts of thymine on the quantity of fohe acid 
necossarj’’ for grovdh of Streptococcus faecalis R, since exogenous thymine 
in such amounts would alloiv a decreased rate of thymine sjmthesis for the 
same growth late and a consequent decrease in the fohe acid requirement 
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The results of Hxtchmgs et al (4) with thymine analogues cannot be 
interpreted accurately in the absence of data indicating that these sub- 
stances are specifically competitive with thymine itself rather than ivith 
related metabolites Foi example, in a medium containing punnes, 5- 
nitrouracil, which prevented growth of Ladohacilhis casei stimulated by 
folic acid, does not competitively inliibit the functioning of thymine as 
such, since grow th stimulated by thymine was not prevented by the in- 
hibitor The results obtained ivith 5-bromouracil may be interpreted bv 
assuming a competitive prevention of the conversion of thymme to a 
conjugated derivative which is the immediate product of folic acid func- 
tiomng In such a case, growth stimulated by folic acid would not be 
inhibited by the thymine analogue, since thymine as such may never be 
involved m the biosynthesis However, another type of action known to 
occur \vith pantothemc acid analogues would offer sufficient explanation 
for the observations of Hitchings ei al (4) The metabolite when syn- 
thesized by the organism is not antagonized by all of the analogues which 
are effective when biosynthesis is not occurimg m the cell This type of 
phenomenon will be discussed in more detail in later papers 
Although our results do not preclude the possibility that thymine may 
also function m the biosynthesis of fohc acid, the most important action of 
thymine as well as of punnes in preventing the toxic action of methylfohc 
acid appears to be that of supplymg the product of an inhibited enzymatic 
reaction mvolvmg fohc acid, since the effect of thymme as well as purmes 
in preventing the toxicity of the analogue was not “diluted out” at ratios 
of inhibitor to metabolite involving high concentrations of fohc acid (16) 
The inhibition of growth of Lactobacillus casei with sulfanilanoide and 
its reversal with p-ammobenzoic acid and with purmes (17) indicates that 
the functions of p-aminobenzoic acid in purme synthesis (10-12) probably 
are not earned out totally by fohc acid, which is required by the organism 
and is not replaced by p-ammobenzoic acid under the testing conditions 
employed 


SUMMARY 

The antibactenal index obtained with a fohc acid analogue, methylfolic 
acid, was approximately 30 foi Lactobacillus casei in the absence of ex- 
ogenous purines and pyrimidines Addition of adenine, guanine, hypo- 
xanthine, or xanthine to the growrth medium resulted in an increased anti- 
bactenal index of approximately 100 Thymine alone had no effect on the 
toxicity of the analogue, but, in the presence of purmes, the antibacterial 
index w'as increased to 1000 or shghtly higher These results indicate that 
fohc acid functions in the biosynthesis of punnes and thymine or then 
equivalents 
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PHOSPIT VTASE VC'TIVITY IN SUCKLING PIGS 


Bt GEORGE A \OUNG, Jr , km» NORMAN R UNDERDAHL 
(r rom the Hormcl InsMute* liJiwcrsity of Minnesota, Ansttn) 

(Rcceued for publication, No\ ember 25, 1947) 

A picMuu‘' publication (1) clescnbcd a condition m ■\oung pig'^ nliicli is 
chai ic(cii7cd pathologic alh b^ cliangcs in the Inei Studies on the alka- 
line scram phosphat ise acti\it\ of thc'C pigs have indic ited that there i*- 
no correlation between the hep ilit changes obsened md the phosphatase 
attu ih Since i suia c\ of the hteratiiie did not disclose a repoit on phos- 
phatase actuiG in suckling pigs, such studies veie made on se\en htteis 
that appealed normal at bnth 


MctlioJs 

Blood samjiles vere taken fiom 30 pigs at 0, 5, and 14 da\ s of age and at 
weeklj mtenals thcieafter until the pigs veie ob cla^s old All samples 
\\ ere obtained from the antoi lor \ eii a ca\ a b3 means of a sj i inge and needle 
The samples verc allowed to clot, placed at 4® o\ei night, and centrifuged 
The serum v as remo\ ed by decantation 
Alkahne senim phosphatase actn it3 was determined b3' the method of 
Bessey, Lowy, and Brock (2) with 0 1 ml of semm B3 this test the 
amoimt of ^i-nitrophcnol liberated b3' the action of the eni'^^ne phosphatase 
upon the substrate 7i-nitrophcn-s 1 phosphate is measuicd 1 mii unit is the 
degree of phosphatase acti\ut3' vhich Mill hbeiate 1 mw ol nitrophenol pel 
htei of seram per hour, and is approximnteh equn alent to 1 S Bodansk3 
units 


Results 

The lesults are summaiizcd in Fig 1, which shows a comparison of alka- 
hne serum phosphatase actn it3 and the grow th late of suckling pigs As 
indicated in Fig 1 , phosphata'-e actia itv is a eiw' high m the new -bom pig, 
Iiut falls consideialih be the 5th dae Theieafter a gradual declme in 
phosphatase actn itv occuis up to the 4th week, after which time the actn - 
ity IS fairh constant 

Of the seeen htteis studied, foni consisted of apparentb noimal pigs as 
indicated In the aeerage weaning weight of 32 pounds flic othci three 
litters w ere le=s tin ifte , as iiiclic ited be their le crage w eanmg w eight of 
onle 20 pounds Compaiison of phosphat ise actnite m these two groups 

* Pubbciition No 23 of the Hormcl Institute, and Paper ko 2'101 Scientific loiirnal 
''Ones, Minnesota Agricultural E\pcnment Station 

759 



760 


PHOSPHATASE ACTIVITY IN PIGS 


shoved no significant chlTeiences, thercfoic the data for all litters weic 
lumped foi this i epoi t Evidently the factors responsible for the unthrifty 
condition in these thiee htteis weie not related to phosphatase activity 
The vaiiations in individual phosphatase activity aie not indicated in 



Fig 1 Companson of alkaline seium phosphatase activity and rate of growth in 
suckling pigs Phosphatase activity is indicated in mM units (1 mw of nitrophenol 
liberated from p-nitrophenyl phosphate per liter of serum per hour) 


Table I 


Variation in Phosphatase Activity among Suckling Pigs 


Age at time of tests 

No of samples 

Mean, m 

Standard 
deviation, s 

Coefficient of 
variation, ” 

days 


mu umis 

mu umts 

per cent 

0 

50 

20 9 

8 93 

42 7 

5 

49 

11 0 

2 78 

25 2 

14 

48 

10 3 

9 04 

87 7 

21 

46 

6 3 

5 73 

90 9 

28 

47 

4 1 

0 98 

23 9 

35 

47 

3 5 

1 24 

35 4 

42 

47 

3 2 

0 81 

23 1 

49 

47 

2 9 

1 0 

34 4 

56 

47 

2 6 

1 08 

41 5 


Fig 1 Actually, consideiable vauation was encountered, as is shoivn by 
Table I, which gives the aveiage phosphatase values, m, and the stan- 
dard detiations, s, in mM units, and the coefficients of vauation, vi/s, m 
pel cent The greatest variations occuired at the 14 and 21 da}'- periods, 
indicating that great diffeiences among individuals occur at this time 
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BUMMjUIY 

Alkaline serum phosphatase activity is reported for suckimg pigs fiom 

0 to 56 days of age Values v ere quite high at bii th, a mean of 20 9 mu 
nitrophenol units, but v ere reduced approximately one-half by the 5th day 
Phosphatase activity was showm to level off at about 28 days of age 
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FACTORS AFFECTING THE AVAILABILITY OF LYSINE 
IN HEAT-PROCESSED CASEIN 


Bt MORTON PADER,* DANIEL MELNICK.t and BERNARD L OSER 

{From the Food Research Laboralortes, Inc , Long Island City, and the Department of 
Chemistry, New Yorl Umiersity, New Yorl ) 

(Received for publication, November 20, 1947) 

It has been demonstrated that the nutritive value of casern is consider- 
ably impaired by heating in the dry state at elevated temperatures (1, 2) 
Supplementation of the diet vuth lysine, however, effectively restores its 
nutritive quahty The adverse effect of heating upon casein could not 
be attnbuted to destruction of its lysine content, since analysis of acid 
hydrolysates of heat-processed casern by chemical and enzymic procedures 
resulted m complete recovenes of this ammo acid (3, 4) It has been 
postulated (3, 5) that m heating casein a peptide hnkage is formed between 
the eammo group of Ij'^sine and a free carbovyl group of one of the dicar- 
boxyhe acids, and that this complex is resistant to enzymic digestion El- 
dred and Rodney (3) found decreased availability of the lysme m enzymic 
digests of heated casern, usmg the specific enzyme lysine decarboxylase 
for the analyses 

The hypothesis of Melmck, Oser, and Weiss (6), bearing on the relation 
between the biological value of a protein and the rate of enzymic hberation 
of its ammo acids, was based upon studies of the effects of heat processmg 
on a vanety of protem-containing mateiials These authors stated that 
"for optimum utihzation of food proteins all essential ammo acids must 
not only be available for absorption but must also be hberated durmg 
digestion %n mvo at rates permitting mutual supplementation ” Papers 
supportmg this concept have recently appeared (7, 8) 

In the present study, in vitro digestibility techmques and microbiological 
assays vere employed to determme factors affecting the availability of 
lysine in heat-processed protem, with casein as a prototype 

Methods 

Samples of casein^ were heated m a drying oven at 150° for periods of 
1 5 and 5 hours These preparations and the original sample were used 
throughout the current study The lysme content of the proteins was 

* Submitted in partial fulfilment of the requirements for the degree of Master of 
Science at New York Universitj 

t Present address, Quartermaster Food and Container Institute for the Armed 
Porces, Chicago, Illinois 

* Obtained from the S M A Corporation, Chagrin Falls, Ohio 
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determined microbiologically (follo^vlng acid hydrolysis) by the procedure 
of Stokes et al (9), with Streptococcus faecahs R as the test organism All 
values were calculated to the pure protein basis, 15 4 per cent nitrogen 
In order to evaluate the extent to which lysine could be hbe. ted fiom 
casein for miciobiological utilization, samples of casein (equivalent to 3 00 
gm of piotein) were incubated at 37° foi 24 houis in 110 ml of an 0 082 
N HCl solution containing 0 30 gm of pepsin,- this was followed by in- 
cubation of the solution at pH 8 3 at the same tempeiatuie foi an additional 
96 hours with 0 30 gm of pancreatm ® The pepsin was inactivated by 
heating the test solution, at pH 7, m a boiling water bath prioi to adding 
the pancreatm The degree of hydrolysis of the resulting digests was 


Table I 

Lysine Content of Test Casein Samples 


Casein sample 

Lysme found* 

Unheated 

per cent 

8 1 

Heated 1 5 hrs at 150® 

7 9 

“ 5 hrs at 150® 

7 6 


* Determined microbiologically after complete acid hydrolysis, values calculated 
to the pure protein basis, 15 4 per cent nitrogen 


detei mined by formol titiation (6), the degree of libeiation of lysine for 
microbiological utilization was estimated by the same assay procedure (9) 
employed in analyzing the acid digests, with the modification that the 
samples weie not subjected to acid hydiolysis Thus, the apparent lysme 
values included both the fiee ammo acid and the amino acid in peptide 
combinations utilizable by the miciooiganism ^ 

The in vitro procedure of Melnick et al (6) foi determining the suscep- 
tibility of proteins to enzymic digestion was modified to include measure- 
ment of the degree of hydrolysis after digestion of the proteins foi 2 and 6 
hours, as well as after 1, 2, and 5 days Also, the available lysme content 
of the serial digests was determined miciobiological^’' ivithout removal of 
undigested protein ^ 

2 National formulary, Easton, 8th edition (1946) 

’ Pancreatm, 1 110 Obtained from the Pfanstiehl Chemical Company, Wauke- 
gan, Illinois 

* In all microbiological assays for lysine involving preliminary enzymic digestion 
of the samples, corrections were made for microbiological stimulatory complexes i 
derived from enzyme materials 

® The quantity of trichloroacetic acid-prccipitatable material was negligible after 
digestion of the protein for 1 day 
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liesitlls 

It IS apparent from the data m Table I that lysine as not destroyed to 
any appreciable e\tent dining the heating of the casein sample 

Tvmil H 


Lmyiinc Libiraiion of Lyninc for Microbiological Utilization* 


i 

CaseiD ««implc 

Degree of 
h>drolysist 

Microbiolow 
call> availaSle 
1> sinct 

Lysine 

utiUMd§ 


per cent 

Per cent 


Unheated 

57 

G 5 


Heated 1 5 hrs at 150° 

51 

5 9 


" 5 hrs at 150° 

57 

5 2 



* Peptic digestion followed by pancreatic digestion (sec the te\t) 
t Estimated b3' formol titration 

t In the final enzj mic digest, calculated to the original protein basis 
§ Per cent of total lysine in casein samples 



Pig 1 Rate of m intro pancreatic hj drolvsis of casein 

In Table II are presented the microbiologically available Ijsme \alues 
the casein samples follownng maximal enzymic digestion (peptic and 
pancreatic) It is apparent that both the degree of protein hydrolj sis and 
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the appaient lysine content \Yeic not gieatly affected by subjecting the 
casein sample to the heat treatment Thcic is, hbwever, a suggestion 
that extending the peiiod of heating i educed the available lysine content 
to a small degiee 



0 20 40 60 BO too tZO 

Digestion Time (Hours) 


Fig 2 Rate of ^n vitro pancreatic liberation of microbiologically available lysine 
from casein 

In contiast to the above findingb, sti iking diffeiences in the susceptibility 
of the heated and unheated casein samples to in vitro panel eatic digestion 
veie noted ® The data plotted m Fig 1 indicate that the heated protein 
samples veie digested at significantly slower rates than the unlieated 
control sample, and that the rates of hbeiation of formol-titratable nitro- 
gen vaiied inversely ivith the processing time The diffeiences were of 

* The use of suboptiinal quantities of pancreatin peimits the digestion to proceed 
for several days at 37°, thus retarding the liberation of the ammo acids to reveal 
differences m the latc of digestibilitj (6) 
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greatest relative magnitude during the earlj phase of hydrolysis The 
ultimate degree of digestion of both the heated and unheated products 
eientually approached the same value, m agreement wath the results of 
the serial enzymic digestion experiments (see Table II) 

The differences in the rate of liberation of the available lysine from the 
casein samples vas exen moie striking Reference to Fig 2 shows that 
microbiologically available lysine xxas libeiated from the heat-treated 
protein by pancreatm at a much slowei rate than from the unheated prod- 
uct The cuiwes i elating liberation of axmilable lysine to time are linear 
up to a pomt at which they form a plateau The relatu e slopes of the linear 


Table. Ill 

Influence of Further Lnzymic Hydrolysis of Partially Digested Casein Samples on 
Release of Amino Nitrogen and Microbiologically Available Lysine 


Casern sample 

Prclumnarj pancreatic digestion 

1 

Subsequent serial enz>Tnic 
digestion* 

1 

Time 

1 

Protein 

h>drol>sist 

Microbiologi i 
caU> a\ailable 
lysinet 1 

Protem i 

hydrol>sist 

Microbiologi 
call> available 
l>*sinet 


hrs 


per cent 

per cent 

per cent 

Unheated 

24 


7 0 

47 

6 7 

- 

48 


7 4 

49 

6 9 


120 


8 9 

47 

6 1 

Healed 1 5 hra at 

24 

29 

6 2 

49 

5 3 

150' 1 

48 

35 

6 9 

48 

5 4 


120 

44 

6 6 

46 

; 5 2 

Heated 5 hrs at ^ 

24 1 

20 

2 4 

48 

4 4 

150° 

48 

30 

5 5 

46 

4 1 


120 

41 

5 4 

46 

4 4 


* Peptic digestion followed bj pancreatic digestion (see the text) 
t Estimated bj formol titration 

t In the final enzymic digest calculated to the original protein basis 


portions of the curves are as follows 1, arbitrarily assigned to the control 
unheated sample, 0 66, casern heated 1 5 hours, and 0 25, sample heated 
5 hours Thus, substances mth l3^sine activity ueie released initially 
from the unheated protem at a rate 4 times as great as from the sample 
submitted to prolonged heating, and 1 5 times as lapidly as from the in- 
termediate preparation 

Further peptic and pancreatic tieatraent of the 1, 2, and 5 da}' pan- 
creatic digests, alreadj' containing a majoi poition of the Ijsine in micro- 
biologically available form, xuelded solutions \x ith apparentlj Iom er I3 sine 
contents, despite increases in the degree of protem h3drol3sis These 
data are presented in Table III 
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DISCUSSION 

The data piesented in this lepoit indicate that in enzymic digests of 
casein the miciobiologically available lysme contents are greater than those 
expected fiom the degiee of piotem hydiolysis elTected Undoubtedly, 
the test oiganism, Streptococcus faecahs R, is capable of utilizing lysine 
bound in peptide linkages The factoi of stiepogenin stimulation (10) 
was eliminated m the cuirent studies b}’’ peimitting the test oiganism to 
glow in the assay medium for a peiiod of 3 days piioi to titrimetiic evalua- 
tion (The polypeptide stiepogenin is knoivn to stimulate the giowtli of 
micioorganisms only duimg then initial growth phases For this reason, 
assays foi this factoi aie usually completed within the fiist 24 hours of 
incubation ) 

The differences m the content of miciobiologically available lysine m 
the final enzymic digests of heated and unheated casein aie insufficient 
to account for the reduced biological value of the heated piotem The 
results of studies of the rate of libeiation of lysme foi microbiological 
Utilization piovide a plausible explanation foi the impanment of the 
biological value Thus, during the eaily periods of tn vitro digestion, lysme 
lb liberated from the more strenuously heated sample at a late only one- 
fouith of that noted in the tests with the unheated casein When the 
digestion is continued until maximal, constant values are obtained, the 
miciobiologically available lysine content of the heated casein is fully 
three-fourths of that of the control sample Since, foi optimal utihzation, 
the essential ammo acids must be absoibed m vivo at lates permitting mu- 
tual supplementation (6-8), the rate of release of lysine from heat-piocessecl 
casein is legaided as ciitical in deteimming the biological value 

Data have been obtained in the ciiiient studies suggesting that b'Sine, 
m ceitam peptide combinations, is stimulatoiy foi miciobiological gioivth 
to a gieatci degiee than the fiee ammo acid itself Thus, it will be noted 
tliat in the 5 day pancreatic digest of the contiol, unheated casein sample, 
an apparent value of 110 pei cent of the theoietical (lysme found aftei acid 
hydrolysis) uas obtained (see Pig 2) Fuitheimoie, on extending the 
enzymic digestion of the samples, decreases m the miciobiologieallj’- avail- 
able lysine content weie noted despite inci eases in foimol-titiatable nitro- 
gen values^ (see Table III) It is concluded that during the period of 

^Tlie one exteptioil to tins staiement in the senes of tests refcried to was the 
digest \\ Inch exhibited a marked iin lease in degree of protein hj diolysis on extending 
the h}drohsis It is believed that in this case the release of inoic available Ij'sine 
effected a initrobiological response sutncicutlj great to mask the loss of microbiologi- 
cal activitj resulting from the hjdrolysis of Ijsine peptide combinations originally 
present. 
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prolonged enzymic digestion the highly active lysine complexes were de- 
graded, and so appai ently lov er Ij^smea alues were obtained The instability 
of the polypeptide stiepogenm in aqueous solutions held undei similar 
extended penods of storage, is known 

SUMMABY 

1 An m vitro study was conducted to determine the factors responsible 
for the decreased availabihty of lysine m heat-processed protein, vatli 
casein as a prototype 

2 Dry heatmg at 150° decreased the rate of in intro pancreatic hydiolysis 
of casern appreciably, but did not significantly affect the ultimate degree 
to which the protem was hydrolyzed 

3 The rate at which lysine was released from casern by pancreatic di- 
gestion, as measured bj'' availabihty of the ammo acid to Streptococcus 
faecalts E,, was decreased to a great extent by baking the protem Tins 
treatment also decreased the ultimate degree to which it was possible to 
liberate lysme for microbiological utilization, though to a less significant 
degree 

•i The most significant differences between the lates of pancreatic liber- 
ation of lysme fiom heated and unheated casein veie noted m the earlj’' 
stages of protein hydrolysis The magnitude of these differences vas 
sufficient to explain the poor biological values noted by others on feeding 
heated casein to test animals It is concluded that, in heated casern, the 
lysme is liberated at a rate too slow to allow effective supplementation of 
the other ammo acids absorbed earlier m the process of digestion 
5 Streptococcus faecalts R utilizes lysme in certain peptide combinations 
moie effectn elv than it does the free ammo acid itself 
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STUDIES ON INTERjMEDIARY STEROID METABOLISM 


I ISOLATION OF A' ANDROSTEND 3(3),17(a)-DIOL AND A'-ANDROSTENE- 
3(0),16(p),17(a)-TRIOL FOLLOWING THE INCUBATION OF 
DEHADROISOANDROSTERONE WITH SUR^ IVING 
RABBIT LIVER SLICES 

Bi JOHN J SCHNEIDER and HAROLD L MASON 
(From the Division of Biochcmislrj/, Mayo Foundation, Rochester, Mtnnesota) 

(Recei\ed for publication, Xo\ ember 15, 1947) 

Until recently, most studies of steroid metabolism have centered about 
the isolation and characterization either of compounds normally found 
in the unne (1-7) or of those appealing as the result of the administration 
of known substances (8) These investigations have been supplemented 
by various studies of the steroid content of pathologic unne, particularly 
that obtained from patients with hypei active adrenal cortical lesions 
(9-13) Since such patients often excrete large amounts of steroids, the 
task of isolation is considerably facihtated, and, m addition, the informa- 
tion obtamed selves as a valuable diagnostic aid Prominent among the 
ketosteroids excreted by patients mth adrenocoitical tumors is dehydro- 
isoandrosterone, which may appear in amounts of several hundred mg 
daily It is evident that this compound should hold considerable interest 
as a possible intermediate m steroid metabolism 
In an mvestigation of the possible role of dehydroisoandrosterone as an 
intenneiate m the conversion of testosteione to androsterone in human 
subjects, Dorfman and Hamilton (14) noted a marked increase of the un- 
Dary androgen level following administration of this substance but did not 
isolate any products Munson, Gallagher, and Koch (15) examined the 
unne of a woman who had been given dehj droisoandrosterone acetate 
parenterally. Since they were able to isolate dehydroisoandrosterone m 
an amount corresponding to 25 per cent of the conjugated neutral 17- 
ketosteroids, they concluded that the gi eater part of the admmisteied 
steroid was not metabolized furthei but was excreted unchanged How- 
ever the other fractions w ere not investigated Later, Mason and Kepler 
(16) demonstrated the excretion of significant amounts of androsterone, 
etiocholan-3(«)-ol-17-one, and A®-androstene-3(i3),17(a)-diol followmg the 
administration of dehydioisoaudrosterone to patients whose normal keto- 
steroid excretion w'as very low It is of interest to note in this connection 
that Miller and Dorfman (17) were able to isolate small amounts of de- 
hydroisoandrosterone from the unne of guinea pigs after the subcutaneous 
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injection of A®-andiosiene-3(/3),17(a)-diol and thus fuithei established a 
relationship between dehydioisoandiosteionc and andiostencdiol 

As a means of obtaining additional mfoimation conccming the metabolic 
pathways involved, it appealed logical to investigate the fate of ccitam 
lepiesentative ketosteioids when incubated with vaiious tissues To 
date, in viiro studies of steioid metabolism have been limited almost en- 
tirely to those on the inactivation of testosteione (18-22), piogesteione 
(23), and estrogens (24) by hvei tissue Ilowevei , no attempts weic made 
in these expeiiments to rccovci any of the metabolic pioducts Moie 
lecently, Claik and Kochakian (25) isolated cis-testosterone and A^- 
andiostene-3,17-dioneaftei the incubation of testosterone with labbit liver 
slices It IS the purpose of this paper to desciibe the isolation and char- 
acterization of the metabolic pi oducts formed when dehydi oisoandi osterone' 
was incubated ivith surviving labbit hvei slices under aerobic conditions 

Since the lequnemcnts of the enzyme systems involved m steroid syn- 
thesis or degiadation aie largely unloioivn, it seemed desirable m these 
initial expeiiments to simplify the system employed Accordingly, ncithei 
glucose nor knovn cofactois weie added Furthei simplification was 
achieved by adding the steioid to the system in the form of the leadily 
soluble sodium salt of its hemisuccinate, thus ehminating the necessity foi 
emploj' ment of seium oi othei dispeismg agents Preliminary expeiiments 
had demonstiatcd that the rate of hydrolysis of this ester in hvei is rapid 
and could not be a limiting factoi 

Methods 

Incubation — Slices weie prepaied fiom well chilled rabbit livers vhich 
had been removed immediately aftei decapitation and bleeding of the ani- 
mal These weie collected in chilled, aerated Krebs and Eggleston’s 
phosphate saline buffer (26), washed tmee with the same solution, diained 
and blotted free of buffer, weighed, and transferred to a 2 htei wide mouth 
bottle containing buffei and sodium dehydi oisoandrostei one succinate 
The lattei was piepaied by the addition of dilute sodium hy dioxide to a 
suspension of the hemisuccinate in 10 ml of w^atei until solution was 
achieved, the solution was then added to the buffei The bottle w'as sus- 
pended on its side in a mechanical shaker that piovided adequate to and 
fro agitation and Avhich included a device foi maintaining the tempeiatuie 
at 38-40° In oidei to avoid undue fi igmentation of the slices, oxygen 
was passed over, lathei than into, the contents of the bottle The late 
of agitation, the depth of the liquid, and the llow^ of oxygen weie so legu- 
latcd as to piovide ample oxygenation and fico movement of the suspended 

' The authors wish to thank Dr E Oppenhciinci and Ur C II Kchol/, of Ciha 
Pharmaceutical Productfa, Inc , for a generous gift of deh>droisoandiostcroiic 
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sbces The liver slices prepared for these experiments were of such a 
size and thickness that roughly one-half of them remained intact through 
the incubation penod 

Prolexn Precipiialion and Extrachon — ^At the end of the incubation penod 
20 ml of concentrated hydrochlonc acid vere added to the incubation 
bottle and the contents were then poured into 2 liters of cold, neutral 
acetone The acid-acetone mixture eifectivety precipitated the protems 
and assured the solution of whatevei unhydiol 3 ’’zed succmate maj’- have 
been present After the still mtact slices and tissue debris had settled, the 
acetone solution v as filtered mth suction and then, m order, the tissue was 
ground thoroughly vnth sand, leplaced on the filter, and repeatedly washed 
with ten 200 ml portions of boilmg neutral acetone The acetone solutions 
were combined and either concentrated immediately or placed m the cold 
for future attention Smce it was found difficult to neutrahze acid-acetone 
solutions accurately, no attempt v as made to neutrahze the hydrochloric 
acid until after the acetone was removed imder reduced pressure In 
those experiments m which the steioid w'as incubated in portions, it was 
found advantageous to neutrahze and combme the seveial aqueous residues 
as they appeared and to store the combmed solutions m the cold until 
extracted The further processmg of these residues is outlmed in the 
accompanymg diagram 

Ethylene dichlonde appeared to be the solvent of choice for extraction 
of the aqueous residues, largely because it did not fonn emulsions even in 
alkahne solution The combmed neutral aqueous residues were diluted vith 
an equal volume of water and adjusted to pH 9 bj’^ addition of sodium cai- 
bonate The “free” steroid fraction w'as then obtained by extraction ivith 
ethjdene dichlonde A “conjugated”- steioid fraction was obtained bj- 
further extraction after acidification of the aqueous solution 

PTaciionalion Procedure — ^The petroleum ether fiactionation, as showm m 
the diagram, served to concentrate the greater part of the products formed 
m the petroleum ether-msoluble phase, w hile at the same time it removed 
all but tiaces of cholesterol, fat, and colored matenals It was earned 
out by wanmng the dried “free” steroid residue with 50 ml of petroleum 
ether, and, after filtration, the insoluble fiaction was washed avith anothei 
portion of the solvent The dried petroleum ether-insoluble fraction was 
usually white, crystalhne, or partly crystalhne, and usually accounted for 
from 75 to 80 per cent of the added steroid This fractionation was not 

It IS to be expected that this procedure w ould not effecti\ elj reco\ er auj steroid 
conjugated with sulfuric or glucuronic acids Accordinglj, this fraction uas com- 
posed largelj of unhydroljzed succinate The results of Samuels and his associates 
(22) uith testosterone indicate that little conjugation took place in the sjsteni that 

ttej emplojed 
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applicable to the "conjugated” fraction, and has not been successful with 
either fraction in those cases m which compounds othei than deliydro- 
isoandrosterone were incubated Thus, no petroleum ether-insoluble 
fraction was obtained after the incubation of andiosteione 

As indicated in the diagiam, the tieatment of the "fiee” steioid fiaction 
ivith Girard and Sandulesco’s Reagent T (27) ivas carried out after rather 

Fractionation Procedure 
Acetone evtract 


Concentrate, dilute uith 
water Adjust to pH 9, evtract 
wuth ethylene dichlonde 


Alkaline 

aqueous 

residue 


First ethylene 
dichlonde evtract 
(free steroid) 


Acidify, reextract w'lth 
ethylene dichlonde 


Second ethylene 
dichlonde extract 
(conjugated steroid) 


Alkaline 


Aqueous 

residue 

(discard) 


hydrolysis 

I 

I ' 1 

Saponifiable Non-saponifiable 
fraction fraction 

(discard) | 

Girard 

separation 


Petroleum ether 
fractionation 


Petroleum ether, 
soluble fraction 


Girard 

separation 

. , L , 

Ketonic Non-ke tonic 

fraction fraction 


Alkaline 


Petroleum 
ether, in- 
soluble 
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I 

Girard 

separation 

, — ^ — , 
Ketonic Non- 
fraction ketomc 
fraction 


hydrolysis 


Ketonic 

fraction 


Non-ketomc 

fraction 


Saponifiable 

fraction 

(discard) 


Non-saponifiable 

fraction 


than before the petioleum ether fractionation This proceduie was adopted 
because it was found more difficult to accomplish a clean cut separation 
when the entire ethylene dichlonde extract was used Since the greater 
part of the cholesterol, cholesterol esteis, and fat was concentrated in the 
petroleum ether-soluble, non-ketonic moiety, this fraction was saponified 
and the non-saponifiable fraction was recovered and chromatogiaphed 
It wns not possible to accomplish anj”^ separation bj’^ treatment of the crude 
“conjugated” fraction with Girard and Sandulesco’s Reagent T It was 
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necessarj’ to hydrolyze the entiie fraction and then to examine the non- 
sapoiiifiable portion for ketonic matenals 
Chromatographic analysis i\as earned out on columns of aluminum oxide 
(Fisher’s alumina for chromatographic analysis, 80 to 200 mesh) The 
amount of alumina ^^as 30 to 40 times the weight of the mixture to be 
examined Redistilled analytic reagent caibon tetrachlonde was used as 
the solvent for the ketonic fraction‘s The columns were developed and 
the compounds eluted by washing wath appropnate mixtures of absolute 
alcohol and carbon tetrachloride as described bj Callow' and Callow (3) 
Redistilled thiophene-free benzene was U'sed as the solvent for the non- 
ketonic fractions, and the columns were developed and the compounds 
eluted with mixtures of absolute alcohol and benzene The last, most 
adherent non-ketomc fraction w’as removed by passing a 20 2 78 mixture, 
bj volume, of pyridine, acetic acid, and ether over the column The 
products obtained were further purified by repeated crystallization and 
were finally identified by their melting points, the melting points of mix- 
tures, and elementaiy analyses 


Results • 

Three separate experiments were earned out bj^ the procedures des- 
cribed In each experiment the sodium dehj'droisoandrosterone sucemate 
"as incubated in divided amounts and the sei eral extracts were combined 
before processing In Expenment 1 tw'o 1000 mg portions of dehydroiso- 
androsterone hemisuccinate (each equivalent to 790 mg of free steroid) 
were incubated inth In er slices for 3 hour periods, in Expenment 2 tw o 500 
mg samples of hemisuccinate (each equivalent to 395 mg of free steroid) 
were incubated for penods of 6 hours, while m Experiment 3, three 635 
mg samples of hemisuccmate (each equivalent to 500 mg of free steroid) 
were incubated for 6 hour penods The a\ eight of tissue slices used for 
each of the se\en incubations varied from 100 to 135 gm They were 
f>uspended in each instance in 250 ml of buffer 
Table I lists the total weights of steroid and tissue used in each expen- 
ment, together with the weights of the major crude fractions It is ap- 
parent that the petroleum ethei fractionation served to dmde the ongmal 
crude extract in such a fashion that the weight of the petroleum ether- 
msoluble fraction roughly approximated the weight of steroid incubated 
The weight of the crude “conjugated” fraction \ aned wndelj' but in general 
Was smaller than the weight of the crude “free” fraction 
In addition to unchanged dehvdroisoandrosterone, two previouslv known 
crj’stalhne compounds were I'^olated in all three exyienments These 
were A‘-androstene-3(^) ,17(a)-diol, which was isolated in xnelds of 43, 59, 
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and 69 pei cent lespectively, and A®-andiostene-3(/3),16(/3),17(a)-tuol, 
which was obtained m yields of 2 4, 8 9, and 5 0 pei cent lespectively 
The stuictuial relationships of these compounds .no indicated in the ac- 
companying foimulas, and then distiibution m the vaiihus cindc fi actions 
IS indicated in Table 11 It is oMdcnt that with the exception of Expen- 
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A®-Andro6tcne-3(P 1 , 17( a ) -dlol ^^f-AndroBteae-3( p ) , 10( p ) , 17(a 1 - trlol 

inent 1 only a lelatnely small fiaclion ot the added steioid hcmi'^uccinatc 
remained unhydiolyzed and appealed m the conjugated fi action Both 
the diol and the tiiol Beie concentiated laigelv m the petioleum cthei- 
insolublc non-ketonic fiaction, while the dehydioisoandiosteione appealed 
in both the petroleum ethei -soluble and the petioleum ether-insoluble 
ketonic fi actions The data on cholcstciol aio included to indicate the 
efficiencj i\ith which it was concentiated m the petioleum cthei -soluble 
fraction 
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Besides the readily identifiable products, two other fiactions were regu- 
larly obtained in small jield The first of these Mas an a,/3-unEaturated 
ketone Mhich Mas isolated in crude form in about 1 pei cent jneld m all 
three experiments and ultimatelj' crj'stalhzed in one instance The a,/3- 
unsaturatcd ketone gioup Mas indicated by an absorption maximum at 
23S mp The melting point M'as not that of testosterone but approximated 
that of cis-testosterone HoMevei, the melting point of the acetate was 
174-176°, Mhile the melting point of cis-testosterone acetate is 115-116° 
The amounts of this compound axailable Mere insufficient for fuither chai- 


Tvble II 
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actenzation The second, as yet umdentified fraction, a non-ketonic 
substance, m as eluted from the column of alumina Math a 90 10 (by volume) 
benzene-alcohol mixture Attempts to crystalhze the substance ha\ e not 
as yet been successful It separated from methanol as balls Math a gelat- 
inous appeirance The over-all recovery of ciystalhne compounds m- 
cludmg dehydroisoandrosterone was 68, SO, and 81 per cent in the three 
expenments 

The control experiments m ere of two types and proved to be of consider- 
able interest In two instances fresh rabbit fivers were dulled, homo- 
genized, poured into acid acetone, and processed according to the regular 
procedure The second type of control cxpenment included the incubation 
of lu ei slices undei the conditions used in the trial runs ind differed onlj 
m that no extraneous steroid m as added In the first case no substances of 
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Intel est weie found, while in the second type of expeiiinent a small ketonic 
fraction was obtained which on tieatment with dinitiophenylhydiazme 
gave an immediate blight led piecipitate, indicating the presence of an 
a,/3-imsaturated ketone gioup The substance or substances lesponsible 
have not as yet been isolated in puie foim 

EXPERIMENT VL 

All melting points weie deteimined with the Fishei -Johns appaiatiis 
and aie lecoided as lead 

Pj epai ahon of Dehydi oisoandi ostei one Sucemate — Dehydi oisoandrostei - 
one \vas heated undei a ieflu\ foi 2 houis with twoce its w'cight of succinic 
anhydride and sufficient diy pyiidme to achieve solution After cooling, 
water and ice w^eie added and the mixtuie was extracted with ether The 
ethei solution w'as washed wnth cold dilute sulfuric acid and then the suc- 
cinate was exti acted by washing the ethei solution seveial times wnth dilute 
sodium carbonate solution Aftei w'ashmg the caibonate solution once 
with ether, the aqueous phase w'as acidified and leexti acted wuth ether 
The ether solution was w^ashed with w'ater, dned, and evapoiated The 
residue was taken up m methanol, fiom wffiich the sucemate readily sepa- 
rated All traces of coloied mateiial w'^ere removed by recrystallization 
from the same solvent A yield of 88 to 93 pei cent of dehj’-droisoandros- 
terone hemisuccinate w as obtamed It melted at 255-259® 

Isolation and Identification of A^-Andiosfene-3{p) ,17(aydtol — The an- 
drostenediol isolated appealed Iaigel 3 ’- m the “free” petioleum ethei- 
msoluble non-ketonic fiaction Its sepaiation and puiification w'eie 
compaiatively easy, since it was eluted fiom the column of alumina after 
the removal of cholesteiol and befoie the recoveiy of androstenetiiol 
Usually, elution of this compound occuiied wJien the concentration of 
alcohol m caibon tetiachloride leaclied 0 3 to 0 5 pei cent Fmal crystal- 
lization fiom methanol yielded coloiless needles wffiich melted at 176-179° 
A mixtuie wuth an authentic specimen of A®-andiostene-3(/3),17(Q;)-dioI 
(m p 176-177°) melted at 176-177° A sample tieated wuth digitonin 
foimed an immediate piecipitate The diacetate, piepaied wuth the aid 
of acetic anhydiide and pjuidme, melted at 155° The melting point w^as 
not depressed by adraixtine of authentic A®-androstene-3(i3),17(a)-diol 
diacetate 

Analysis of Diacetate — C jHjcOi Calculated C 73 36, H 9 64 

Found " 73 55, “ 9 46 

Isolation and Identification of A^-Androsiene-3(3) ,16(8) ,17(a)-tnol — 
Androstenetriol was eluted from the column only aftei the application of 
the mixture of pyridine, acetic acid, and ethei It was usually accompanied 
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by colored impuiities ^\hlch tended to inhibit cry stalhzation, but ultimately 
it separated from methanol and w as best recrystalbzed from this solvent 
It melted at 265-268° and a mi\ture with an authentic specimen (m p 
263-264°) melted at 260-266° The triacetate melted at 184^185°, and 
a muvture vnth A^-andiostene-303),16(|3),17(o:)-triol tnacetate (mp 
183-185°) melted at 183-184° 

■inalysis of Free Trial — C 19 H 30 O 3 4 CH 3 OH ’ Calculated C 72 72, H 9 96 

Found “ 72 76, “ 9 98 

Isolation of a,p-lJnsaturated Ketone — ^This substance accompanied 
dehydroisoandiosterone thiough the isolation piocedure and was finally 
eluted from the column vnth or near the dehydroisoandrosterone fi action 
It was separated from the known ketone by the use of digitonin, smee under 
the conditions employed dehydroisoandrosterone alone foimed a precipi- 
tate The compound was crystallized from methanol and melted at 224- 
226° The acetate melted at 175-176° The compound formed a red 
amoiphous precipitate with 2,4-dimtiophenylhydrazme An alcoholic 
solution (5 mg m 100 ml ) showed m aximal absorption at 238 mju 

Isolation of Dehydroisoandrosterone — ^Examination of the several ketonic 
fractions resulted m the isolation of dehydroisoandrosterone as the sole 
ketone in addition to the a,fl-unsaturated ketone noted m the precedmg 
section Dehydroisoandrosterone was characteristically eluted from the 
column mth a 0 1 to 0 2 per cent solution (by volume) of alcohol m carbon 
tetrachloride It was recrystalbzed fiom ethyl acetate and then melted 
at 448-149° A mixture mth an authentic specimen of dehydioisoandro- 
sterone (mp 146-148°) melted at 147-149° The benzoate melted at 
248-250° 

Isolation of Cholesterol — ^Although cholesterol was present in relatively 
large amounts, it did not interfere \nth the isolation of the other steroids, 
since the Guard separation and the petroleum ether fractionation served 
to remove all but traces of it from the important fractions When present, 
it was eluted from the column with a 0 05 to 0 1 per cent solution of al- 
cohol m benzene The melting point was 149-150° A mixture ivith an 
authentic specimen melted at 147-148° After crystallization of the 
greater part of the cholesterol the mother hquors were further examined for 
compounds possibly eluted ivith the cholesterol None were found 

Comment 

The formation of A'-androstene-303),17(a)-diol and A'-androstene- 
3(|3),1603),17(Q;)-tnol from dehj'droisoandrosterone in the presence of 

* The retention of 0 5 mole of methanol is in accord m ith the obsen ations of 
Hirschmann (28) 
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livei tissue indicates that both of these substances can be regarded as 
products of its metabolism and sei’ves again to emphasize the r61e of the 
hvei as a site of steioid transfoimation Although A®-androstene-3((3),- 
17(Q:)-diol has not yet been isolated from noiraal unne, it has been le- 
coveied from the urine of one patient aftei the admmistiation of dehydro- 
isoandiosterone (16) and fiom others with adienal tumors (29, 30) Moie- 
over, the reaction involved (namely, the reduction of the C-17 caibonyl 
group to a hydioxyl group) is paralleled by similar reactions in other com- 
pounds The known conveisions of estione to estiadiol and of piogesteronc 
to pregnanediol seive as familiar examples It may be expected that in 
time this reaction ivill prove to be of rather geneial occurrence and import- 
ance m the intermediaiy metabohsm of the 17-ketosteroids In view of 
the bigb yield of A^-androstene-303),17(a)-diol obtained, with the system 
described, it would seem of mterest to test the occurrence of this reduc- 
tion m hver mmce and in cell-free systems Such experiments are now m 
progress 

A®-Andiostene-3(j3),16(/3),17(a)-tiiob has been isolated fiom noimal 
mine (32, 33) and from the mine of patients with adrenal tumors (28, 30) 
As pointed out by Hirschmann (28) and Mason and Keplei (30), the struc- 
tuial smularity between dehydioisoandrosteione and A®-androstene-3(i3),' 
16(/3),17(a:)-triol suggests that the former is the logical precuisoi of the 
lattei In addition, the conversion of a 17-ketone to a 16,17-glycol is of 
known natural occuiience, as attested by the foimation of estiiol from 
estione m the human (34) The lole of A®-andiostene-3(S),17(a)-diol as 
a possible intei mediate in the conveision of dehydioisoandiosteione to 
andiostenetiiol may be decided m part by incubating the diol disuccmate 
with hvei 01 othei tissues 

The isolation of an a,i3-unsatmated ketone in these expeiiments is of 
doubtful significance m view of the fact that a similar type of compound 
was foimed in those control experiments m which livei slices alone weie 
incubated Although it appeal s that this compound may have been formed 
from the cholesteiol piesent, proof must await further experimentation 

In Older to lule out the factor of bacteiial contamination and activity 
m the longer incubations, m Experiment 1 incubation vas intentionally 
limited to a peiiod of 3 lathei than 6 hours Since the pioducts were quali- 
tatively the same m both cases, it is apparent that this factoi was not 
involved 

In view of the losses of steroid incurred m the course of the vaiious 
manipulations, it is not possible, on the basis of these expeiiments alone, 

1 The spatial configurations of the C-16 and C-17 hydroxyl groups have recently 
been defined by Huffman and Lott (31) 
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to estimate the extent to Inch metabolic processes converted the steroid 
to substances no longei recoverable as such 

SUMMARY 

1 Sodium dehydroisoandrosterone hemisuccinate was incubated with 
sununng rabbit liver slices undei aerobic conditions for periods of 3 and 
G hours at 38-40° 

2 The products isolated vere A^-androstene-3(/3),17(a)-diol, Rhich was 
obtained in yields of from 43 to 69 pei cent, A®-androstene-3(/3),1603),- 
17(a)-triol, which was isolated in yields of fiom 2 4 to 8 9 per cent, and an 
as yet unidentified a,^-unsatuiated ketone, which was formed m jaelds of 
about 1 per cent The formation of a second, unidentified a,j3-unsaturated 
ketone in ceitain control experiments is desenbed and its possible import- 
ance is discussed 

3 The results have been discussed in relation to the metabolism of 
dehydroisoandiosterone in general and in relation to pertinent tn vivo 
studies jireviousl}^ reported 
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METABOLITES OF ll-DEHYDROCORTICOSTERONE 
PREGXANE-3(a) ,20-DIOL-11-ONE 

HAROLD L MASON 

(from Ihc Division of Biochemistry, Mayo Foundation, Rochester, Minnesota) 
(Receded for publication, November 7, 1947) 

A stiiclj* winch involved the administiation of relatively large amounts 
of sjTithetic 11-dehvdrocorticosterone (la) and its acetate^ (Ib) to a woman 
(Case 1) and to a man (Case 2) with Addison’s disease afforded an oppor- 
tunity to deteraime what urmarj’’ products might be related to this hor- 
mone Thus far it has not been possible to isolate from the unne, m cases 
of hj-perfunctiomng lesions of the adrenal cortex, any 11-oxygenated 
pregnane derivatives In the present study pregnane-3 (a) ,20-dioI-ll-one 
and another umdentified compound w ere isolated from the unne collected 
while 11-dehydiocorticosterone and its acetate were being givmn These 
compounds could not be found m the urine durmg another peiiod when 
17-hjdro\y-ll-deh4drocorticosterone was being given 

DISCUSSION 

The unne was processed, the neutral extracts were separated mto 
“ketonic” and “non-ketomc” fractions, and these fractions were subjected 
to chromatographic analysis essentially as previously desenbed (1) The 
onlj crj'stallme fractions of any consequence w ere isolated from the non- 
ketomc fractions Only a tiace of crystallme matenal was obtamed from 
the ketomc fraction It was necessarj’^ to rechromatograph the cr 3 ^stalhne 
matenal first obtamed from the non-ketomc fraction m order to separate 
it into two compounds The compound that w as not identified had a melt- 
ing pomt a little low er than that of pregnanediol, and its melting point w as 
not depressed by admixture of pregnanediol How ev er, the acetate of the 
newly isolated compound melted at 147-149°, w hereas a specimen of preg- 
nanediol diacetate melted at 160-162° 

Analysis of the other compound mdicated the formula When 

the compound w as heated 1 hour at 90° with pjndine and acetic anhjdnde, 
a diacetate w as formed The formula, CjiHjiOa, indicated the presence of 
a ketone group or of a carbon-carbon double bond A double bond would 
require the presence of a third alcohol group in a hmdered position, smee it 

* Sprague, R G , Gastineau, C F , Mason, H L , and Power, M H , Am J Med , 
in press 

® These substances were provided through the courtesv of Alerck and Conipan 3 , 
Inc , Rahwaj , Nei\ Jersev 


7S3 



784 


PRli-GNANE-SCa) ,20-DIOL-l 1-ONi: 


was not acet34atecl If a ketone gioup weie piescnt, it also must be m a 
nndeied position such as C-11, since it did not combine with Giiaid’s re- 
agent (The ketonic fiaction was chiomatogiaplied, Init theie Avas no 
evidence of this compound m that fiaction ) Since it is known that 11- 
desovycoiticosteione can be conveited phymologically to pregnancdiol 
(2-4), It seemed likely that this new compound might be 11-ketopieg- 
nanediol (11) (pregnane-3(«),20-diol-ll-ono) Consofiuently, it was oxi- 
dized so that the ketone foi med might be compai cd w ith pi egnanc-3 ,11,20- 
ti lone (III) This lattei compound had been pi epa i ed by Di R 13 Tin nei 



in Di E C Kendall’s laboiatoiy, I am indebted to them foi this piepaia- 

V points of the tAvo piepaiations aa oic identical and theie 

as no depi cssion in the melting point of a miM u i c LikcAA ise thei e aa as no 
depiession m the melting point of a muxtuie of the oximes 

in lepoited at the Lauientian Honnono Confeience, Septemhci 

isolation of piegnane-3(«),20-diol-ll.one fiom the mine of 
ihp ^ excietion of piegnane-3(a),20-diol-ll-one as 

the lesu t of admimstiation ot ll-dehydiocoiticosteione definitely identi- 
fies this lattei hoimonc as the piecuisoi of the uimaiy compound “ 

thP n-dehydiocoiticosteione and its acetate 

thn increase in tic cxcietion of 17-ketosleioid& as deteiminedhy 

f Kuitheimorc, it AA'-as not possible to isolate 

tZ lTrl f T fraction It may be concluded 

at 11-dehydiocoi ticosteione is not a piecuisoi of 17-ketosteioids, but that 

nnw “ P*egnane-3(a),20-diol-ll-one and in laigc 

cX substances Possibly Ibis lattei pail is destioycd 


In Case 1. 50 mg of Il-dehydiocoiticosteionc acetate neie given daily 
for 8 days and then 200 mg for U days The mine collected duimg ad- 
mimstiation of the acetate (Ponod 1) and duiing the 2 days folloiving 
nithdianalofthehormonenaspooled Latei, lOOmg of thcfioehoimono 
tvere given dailyfor 11 days (Peiiod 2) The mine collected duiing this 
peiiod lias processed apait from that collocled duimg Peiiod ] In Case 2, 
100 mg of 1 1'doliyclrocoi ticostci one wcic gi\on cl^ilv foi 5 cI^^s 
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Mtcr the addition of 50 ml of chloiofonn, the 24 houi specimens of urme 
Mere stored in the refrigerator at 5° foi 2 daj'^s They neie then extracted 
Math chloiofoim foi dctcimination of “coitin-hke” substances The urine 
residues nero acidified nith o ml of concentiated HCl and stored m the 
refrigeratoi until the collection Mas complete The pool of mine Mas then 
concentrated and M'orked up in the manner that has been described pre- 
viously (1) 

In Case 1, 20 mg of 17-hydroxy-ll-dehydrocoiticosterone also vrere 
given daily for 11 days Nothmg ciystallme could be isolated from the 
urine collected during this peiiod, perhaps because of the relatively small 
daily dose of hormone Hovrever, smce the results m ere completely nega- 
tive, this period served as a control for the periods duimg Mdiich 11-de- 
hydrocorticosterone Mas administered Any steroids isolated durmg the 
latter penods must have been denved from ll-dehj’’drocorticostetone 
The amount of steroids noimally excreted by these patients, as measured 
by the Zunmermann reaction, m as neghgible 
The chloroform extiacts obtamed before acid hj'drol}'sis also Mere ex- 
ammed The ketonic portion of the fraction that m as removed from ben- 
zene by repeated extraetion M-ith Mmtei M'as used for the estimation of 
oortm-like substances Not enough remamed for any attempt to isolate 
compounds The non-ketomc fraction, hoMrever, jnelded a ciystallme 
substance M'hich melted at 272° and which appeared to be too soluble m 
M'ater to be of steroid nature It was also present Mhen 17-hydrox3’--ll- 
dehydrocorticosterone Mas given It will not be considered further m this 
report, smce it.evidently bore no relation to ll-dehj'-drocoiticosterone 
Ketonic Fraction — ^The ketomc fractions of the neutral extract of the 
urme that had been boiled with HCl gave only traces of a crj’^stallme com- 
pound This result Mas ex-pected, smce the excretion of 17-ketosteroids 
as determmed by the Zunmermann reaction m as 0 3 to 15 mg per day and 
Mas not mcreased by admmistration of the hoimone 
Non-Ketonic Fraction — ^The non-ketonic fractions obtamed in Case 1 
duimg admmistration of ll-dehydrocorticosteione acetate and dunng 
administration of the free hormone were 370 and 200 mg, lespectiioly, 
and that obtamed in Case 2, 145 mg These three non-ketonic fractions 
Mere chiomatogiaphed sepaiatelj on alununa Benzene containing in- 
creasmg amounts of alcohol Mas used for elution of the ^a^ous fi actions 
In Period 1, Case 1, a fcM ciystals Mere obtamed from the fraction eluted 
ivith 0 2 per cent of alcohol by volume After recrj^stalhzation from ace- 
tone they melted at 200-210“ Not enough Mas available for further 
M oik The fraction eluted m ith 1 per cent alcohol m eighcd 90 mg .Vnah - 
SIS of the rccrjstalhzcd fraction (50 mg) and its acetate indicated that it 
M as not a smgle compound Consequenth the remainder m as combimxl 
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with the couesponding fiaction obtained in Peiiod 2 (total weight 80 mg) 
and lechiomatographcd 

Com'poimd with Melting Point of 2S2-233° — ^In the second chromatogram 
11 mg of a cij’’stallme fiaction weie eluted with the fouith to ninth 20 ml 
portions of 0 3 per cent alcohol by volume m benzene The substance 
melted at 232-233° A mixtuie vith piegnane-3(Q:),20(a)-diol (mp 
235-237°) melted at 231-233° Howevei, the acetate of this substance 
melted at 147-149° and theiefoie could not be the acetate of piegnanediol 
A mixtuie with etiocholane-3 (a) , Yl (a)-diol (m p 233°) melted at 216-222° 
There was not sufficient matenal foi further chaiacterization 

Piegnane-S(a) ,20-diol-11 -one (II ) — ^Beginning with the sixteenth 20 ml 
poition of 0 3 pel cent alcohol in benzene, 100 ml of solvent removed 7 mg 
of ciystalline material, 100 ml of 0 5 pei cent and 100 ml of 1 per cent 
alcohol in benzene togethei eluted 36 mg of the same matenal It was 
best lecn^stallized by addition of acetone to its solution m a little hot 
methanol It melted at 217-219°, = +59° ± 2 2° (c = 0 407 m 

alcohol) It failed to give a piecipitate vith digitonm in 90 per cent 
alcohol Foi analysis a sample was dried 1 hour at 100° and 0 1 mm 

4nal3/S7)>— CsiHsiOj Calculated, C 75 33, H 10 14, found, C 75 40, H 10 25 

Piegnane-8(a) ,20-diol-ll-one Diacelate — The acetate vas piepaied bj 
heating 10 mg v itli a few diops of pyiidme and 3 diops of acetic anhydride 
foi 1 houi at 90° Watei i\as added vhile cooling, then sufficient concen- 
tiated HCl was added to make the mixtuie acid to Congo led The pre- 
cipitate vas filteied out, washed with dilute HCl and -water, diied, and 
1 ecrystalhzed fiom methanol The fiist ciop was leciystalhzed, and it 
then weighed 7 mg and melted at 233° 

Analysis— Cii'H.i'iOi Calculated, C 72 08, H 8 98, found, C 71 74, H 9 15 

Oxidation of Pregnane-S(a) ,20-diol-ll-onc — To a solution of 12 mg of 
this compound (0 144 milhequi valent) in 1 ml of glacial acetic acid was 
,idded 0 26 ml of C 1 O 3 m acetic acid containing 0 158 milhequivalent 
(10 pel cent excess) The mixtuie was allowed to stand overnight Ben- 
zene was added and the solution iias washed thiee times with ivatei, then 
A\ ith sodium caibonatc solution, and finally with watei Removal of the 
benzene and ciystallization of the lesidue fioni anhydious ethei gave ciystals 
vliicli melted at 150-157° A mixture with piegnane-3,ll,20-tiione 
(III) (m p 157-158°) melted at 156-157° 

The oximes also veie piepaied foi compaiison The ketone (2 mg), 
0 5 ml of a solution of hydioxylamine hydiochloiide (4 mg pei ml) in 
50 pel cent alcohol, and 2 diops of a satin ated solution of sodium acetate 
veie heated in an open tube in a watei bath until the alcohol had evapo- 



H L MASON 


787 


rated. Heating Was continued w'hile alcohol was added dropwise until 
the precipitate had redissohed The ciystals that separated on cooling 
M ere washed w ith m ater and dried The oxime prepared from the authentic 
specimen of pregnane-3,11 ,20-tiione melted at 240-243° when placed on 
the block at 230° The other oxime melted at 243-245° A mixture of 
tlie tw 0 melted at 240-244° 


SUMMARX 

Pregnane-3 (a) ,20-diol-ll-one w'as isolated fiom the urme of two patients 
wnth Addison’s disease aftei admimstiation of ll-dehydrocorticosterone 
and its acetate Another substance melting at 232-233° w as isolated but 
not identified 

Microanalj ses were perfomed by J Alicmo Meltmg points were 
determmed with the Fisher- Johns electncally heated block and are re- 
corded as read 
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16-SUBSTITUTED STEROIDS 

^ THL P VRTI VL b\XTlIE‘^IS OF LRIX VRY ANDROSTEXEIRIOL 
(A‘ VXDROSTC\ L-30J), IC(/3) . 17(a) -TRIOL) 

B\ M VX X HUFOI VX vnu M VRY HARRIET LOTI 
{from the Department of Bioclicnnstnj, Southxicstern Medxcal College, Dallas) 

(Rcccncd for publication, Xo\ ember 10, 1947) 

In 1913 Hirschmann (1) isolated from the unne of a boy inth adreno- 
cortical carcinoma a nen tnol in the steroid group His skilful studies m 
charactenzation and degradation showed this new" steroid to be a A®- 
andro3tene-303),16,17-tnol This compound occurred m stnkmgly high 
amounts (95 mg per litei , or more) in the unne studied by Hirsclimann 
jMaman (2, 3) subsequently showed that Hirschmann’s tnol is a con- 
stituent of normal human unne (both male and female) Maman had had 
this same tnol m hand at a much earher date, but had been unable to 
establish an empincal formula for it, however, a reexamination of his com- 
pound m the hght of Hirschmann’s research showed clearly the identitj’- of 
the two substances Accordmg to Alaman and Butler (3) unnary an- 
drostenetnol is present to the extent of only 0 1 mg per liter m normal 
human unne 

Mason and Kepler (4) have also reported the piesence of Hirschmann’s 
tnol m the unne of a patient with an adrenal cortical tumor 
We recently announced (5) the preparation of unnarj’^ andiostenetnol 
from dehydroisoandrosterone and the confirmation of Hirschmann’s 
structural assignment for the molecule Our method of synthesis, prac- 
tically identical wnth the one used to prepaie the sex hormone estnol (6, 7), 
allowed us to state that Hirschmann’s tnol and estnol possess the same 
spatial configuration of carbmols at Cw and C17 and that these carbmols 
are transoid in arrangement This assertion was made possible from the 
following reasons (a) the a-ketol 3-methyl ether obtamed from the 
Stodola reduction of 16-oximmoestrone 3-meth3l ether furmshes, upon 
further reduction with sodium amalgam m excess dilute ethanolic acetic 
acid (40°), estnol 3-methyl ethei, which possesses the Cur-Ci- hj'droxjd 
groups m transoid arrangement, as the latter compound gii es no cj chc 
acetonide (5), (5) the Stodola reduction of 16-oximmodehydroisoandros- 
terone 3-methjd ether jields an a-ketol which furnishes, upon further reduc- 
tion with sodium amalgam as just desenbed, the 3-meth} 1 ether of Hirsch- 
mann’s tnol, a glj’'col w luch is Iikeivise transoid at C16-C17, (c) since the tw o 
a-kctol 3-methjd ethers w ere prepared in completel} analogous fashions, 
it was logical to suppose that thej possess identical configurations at C1.-C1- 

789 



790 


16-SUI3ST1TUTED STEROIDS V 


and that a common transoid form of the Cic-Cit glycol would anse from 
the same method of reduction 

Very recent research (8) now pennits us to assign steiic structures for all 
known Ci^Ci? glycols in the steioid group The subject of stenc structure 
will be treated fully in Paper VI in this senes, suffice it to say here that 
Hirschmann’s tnol is A®-andiostene-3(/S),16(|(3),l7(Q:)-triol and that estriol 
IS ®-estratriene-3 , 16 (/3) , 17(a)-trioI 

Ruzicka, Prelog, and Wieland (9) m 1945 surmised that estnol and uri- 
naiy androstenetriol possess the same stenc configui ation at Ring D These 
woikers based their view on a clevei compaiison of differences in molecular 
rotation as measured between the naturally occuiTmg tnols and certain 
closely related steroid tnols of synthetic origin 
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In the present preparation of Hirschmann’s tnol, dehydroisoandrosterone 
3-inethyl ether was taken through the steps of nitrosation, Stodola reduc- 
tion, and sodium amalgam reduction, as pre^^ously descnbed (7), m the 
partial synthesis of estnol (I — > II — » III — ^ IV) At this stage there w as 
ohtamed the 3-methyl ether of unnary androstenetnol, which for a long 
time defied all attempts to spht it to the free hydroxyl at C3 It was 
eventually discovered that the methoxj' group could be simply and smooth- 
ly substituted by an acetoxi' group upon reaction with acetic anhj’^dnde m 
the presence of p-toluenesulfomc acid as a catalyst (R' —>■ V) This reac- 
tion has proved a general one for the transformation of 3-methoxj’^-A®- 
steroids to 3-acetoxy-A®-steroids The yields are high, and only a bnef 
reaction time is required The acetoxy group is, of course, readily sapom- 
fied to give the free C3-OH (V —y YL) 

From debj^droisoandrosterone 3-methyl ether, Hirschmann’s tnol (as 
tnacetate and recovered free tnol) w'as prepared m 21 per cent over-all 
yield Dehydroisoandrosterone 3-methyl ether may be prepared from 
cholesteiyl methyl ether or obtamed by the methylation of dehydroiso- 
androsterone (10) 


EXPEBIMENTAL* 

Dehydrmoandroslerone S-Methyl Ether — ^This compound was prepared in 
a fashion similar to that of Butenandt and Grosse (10), whose method is 
based on Stoll’s general procedure (11) for the formation of normal ethers 
of cholesterol In our reactions, the p-toluenesulfomc acid ester was not 
purified but subrmtted, after drymg, directly to reaction with methanol 

Ntirosation of Dehydroisoandrosterone S-Methyl Ether — ^Metafile po- 
tassium (0 33 gm ) was dissolved m 25 cc of dTj-^ tertiary butyl alcohol with 
mechamcal stimng The resultmg solution of potassium tertiary butoxide 
was then poured onto 805 mg of dehydroisoandrosterone 3-methyl ether 
(m p 137 5-138°) (I), and the mixture gently warmed until solution of the 
steroid w^as complete The solution, cooled to near room temperature by 
mechamcal stimng, w as treated with 0 60 cc of isoamyl mtnte Stimng 
was contmued for 6 hours, and the reaction mixture then left overnight at 
room temperature The solution plus precipitated matenal was transferred 
to a separatoiy funnel by means of 400 cc of aqueous glycme ( - 7 0 gm of 
glycme), and, following the addition of 7 0 cc of concentrated h5"drochlonc 
acid, partitioned with 400 cc of ethjd ether The ethjd ether, after the 
aqueous acid phase had been separated off, was washed once with 300 cc 
of 3 per cent sodium bicarbonate, and then extracted once with 200 cc and 
again with 100 cc of 0 5 n potassium hj’-droxide Acidification of the com- 
bmed potassium hydroxide phases with concentrated hjdrochlonc acid 

* All melting pomta are uncorrected 
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pi ecipitated the 16-o\miino del ivative This iiiatci lal was allowed to settle 
in the ice box and then filteied and washed copiously Anth ivatei The 
yield of pale yellow ciystals (oven-diied) Avas 603 mg , decomposing at 
171 5-173 5° Of this niateiial, 103 mg avcic leciystalhzed twice from 
aqueous methanol (chaicoal) to give 92 mg of tiny, near Aihite crystals de- 
composing at 180-183 5° (II) 

Avabjsi ^ — CsoHogOjN Ciilculalcd N 4 23 

Ji'ound (a) “ 4 20 

ib) “ 4 11 

2\vo Stage Reduction of IG-Oximinodehydi oisoandi oslci one 8-Methyl Ether 
to 16 ,17-Glycol — To 500 mg of 16-o\iminodehydroisoandrosterone 3-methyl 
ethei (m p 171 5-173 5°, A\ith decomposition) (II) A\eie added 34 cc of 50 
per cent acetic acid and 1 4 gm of zinc dust The mixtuie Avas lefiuxed 
tor 1 horn and the hot solution decanted iiom the zme into 175 cc of watei 
The zinc ivas iinsed tmee ivitli 4 cc poitions of acetic acid and these 
united Aiutli the mam leaction solution in ivatei nhich nas subsequently 
paititioned noth 200 cc of ethyl ethei, the lattei, after sepal ation, A\as 
Avashed AVith 0 5 n liydioclilonc acid, Avith 1 0 n sodium hydi oxide, and 
noth Avatei Evapoi ation of the ethei eal phase yielded a nice ivhite crys- 
tallme pioduct, A®-androstene-3(/3),17(a)-djol-16-one 3-methyl ethei (HI) 
It Avas not fuithei puiificd but diiectly submitted to i eduction inth sodium 
amalgam as gnmn m the following paiagraph ^ 

To the solution of the a-ketol (as above) in 58 cc of ethanol and 6 5 cc of 
acetic acid Aiere giadually added 125 gm of 2 pei cent sodium amalgam, 
the tempeiatuie being carefully maintained at 40 0-40 5° by continuous 
swilling in a Avatei bath (As soon as sodium acetate commenced to 
piecipitate, 5 0 cc of 50 pei cent acetic acid Avere added ) When the leac- 
tion had been completed, tlie mixture of meicuij’’ and solution Avas diluted 
Avith AAatei and exti acted A\ith ethyl ethei Aftei lemoval of the mercury 
and aqueous phases the ethei AAas fuithei AAmshed Avith AAmtei, AAith 0 5 N 
sodium hydi oxide, and again Avith AAmtei EAmpoi ation of the ether 
yielded a AA-hite crystalline pioduct, which aftei leciystalhzation, tAAUce 
fiom acetone-Skellysolve B, once fiom absolute acetone, and tiiice from 
aqueous ethanol, melted at 196-197° (100 mg) Fiom aqueous ethanol, 
A®-andiosteiie-3(|8),16(|8),17(a)-tiioI 3-methyl ethei crystallized as the 
hemihydiate in the foim of tiny leaves (IV) 

yl s— C" oH 5'>03 IH 2 O Calcuhilcd C 72 92, II 10 00 

Found (o) “ 72 94, “ 10 04 
(6) “ 72 93," 9 95 


- As in the partial synthesis of estnol (7), it nas finally decided that isolation of the 
intermediate a-ketol 3-metbyl ether in pure form held no advantage 
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From the extracted mother hquors were recovered by repeated crystal- 
hzation from acetone-cyclohexane and from aqueous ethanol an additional 
101 mg , meltmg at 195-196° 

Transformation of Cholesteryl Methyl Ether to Cholesteryl Acetate — Pure 
cholesterjd methyl ether* (0 50 gm ) and p-toluenesulfomc acid monohy- 
drate (Eastman, No 984) (0 25 gm ) were covered with 25 cc of redistilled 
acetic anhydnde and heated on the steam bath with frequent stirrmg for 
exactly 30 mmutes The solution was cooled at once under the tap and 
then placed m the ice box After 24 hours the product was filtered, washed 
vath 90 per cent acetic acid, and v ashed well vuth water The fine crystals 
(dned m vacuo) weighed 0 37 gm and melted at 113-113 5° A mixed 
meltmg pomt test performed vath authentic cholesteryl acetate showed no 
depression 

The mother hquor was apparently quite nch m cholesteryl acetate but 
no attempt was made to recover it 

Transformation of Unnary Androstenetnol S-Methyl Ether to Triacetate — 
To 301 mg of the 3-methyl ether of Hirschmann’s tnol (m p 195-196°) 
(n^) dissolved m 5 cc of dry pyndme were added 3 cc of acetic anhydnde 
The two phases were mixed well and left 24 hours with occasional swirling 
The diacetate was then precipitated by treatment with 200 cc of ice water, 
and finally, after 3 hours m the ice box, filtered and washed copiously vith 
water 

To the air-dned diacetate (as above) were added 186 mg of p-toluene- 
sulfomc acid monohydrate and the sohd matenals covered with 18 6 cc of 
redistiUed acetic anhydnde The mixture was heated on the steam bath 
With frequent stirrmg for exactly 30 mmutes and then cooled m an ice bath 
As no crystallization of tnacetate had occurred withm 3 hours time, the 
anhydnde v as decomposed vath ice v ater and the steroid extracted with 
ethyl ether The ether, aftei havmg been washed ivith aqueous sodium 
bicarbonate and inth water, was dned and then evaporated The resultmg 
white residue vas three times recrystalhzed from aqueous ethanol (once 
vith the aid of charcoal) to yield 249 mg of vhite plates, m p 183-184° 
Of this product, 100 mg were recrystallized from 3 0 cc of ethanol (ice box) 
to give 70 mg of colorless plates meltmg at 184—185° (V) 

Anafysts— Calculated C 69 42, H 8 39 
Found (a) “ 69 36, “ 8 41 
(6) “ 69 45, ‘ 8 50 

Di Hans Hirschmann performed a mixed melting point test votli his 
unnary androstenetnol tnacetate and our ^mthetic matenal and found no 
depression of the melting pomt ■* 

‘ Prepared in lugh yield b} the method of Stoll (11), m p 84° 

* Hirschmann, H , personal communication 
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A^-Aiidrostene-Sifi) ,16(p) ,17(a)-inol — ^All filtiates from the recrystal- 
hzations of tnol tiiacetate m the piecedmg section weie added to ether and 
the etheieal solution washed several times with water After evaporation 
of this ether, the resulting crystalline lesidiie was dissolved in 25 cc of 
ethanol, 25 cc of 1 0 N potassium hydi oxide were then added, and the 
alkaline solution refluxed foi 30 minutes Following the addition of 25 cc 
of water the sapomfication medium was distilled until it had become turbid 
The free triol was allowed to crystallize for 2 days m the ice box and then 
filtered and washed well vith water (100 mg , melting at 250-252 5°) This 
material was leciystallized once from aqueous ethanol, once from absolute 
acetone, and again fiom aqueous ethanol (charcoal), whereupon it weighed 
70 mg and melted at 257 5-260 5° with some decomposition (VI) From 
aqueous ethanol the tnol crystallized as hexagonal plates ivith one-half 
molecule of water 


Analysts — CuHjoOj ^HjO Calculated C 72 34, H 9 91 

Found " 72 37, " 9 97 

Dr Hirschmann found no depression of melting pomt when his urinary 
androstenetnol was melted ivith our synthetic tnol * 

Acetylation of A^-Androstene-3{0) ,17(a)-diol-16-onc 8-Methyl Ethci— 
Crude a-ketol (0 51 gm) (III), direct from Stodola reduction without 
purification, was acet 3 dated ivith acetic anhydride (4 cc ) m pyridine 
(6 cc ) as usual The crude acetate, obtained by precipitation vith ice 
water, was crystallized fiom aqueous ethanol (charcoal) to give 0 56 gm 
of flat plates (mp 147 5-150°) Two leciystalhzations fiom absolute 
methanol yielded 0 29 gm of material meltmg at 165-168° A third re- 
crystalhzation fiom methanol raised the melting point to 166-169° (0 25 
gm of flat needles) 

Analysts— Ct2H.i-<0 A Calculated C 73 30, H 8 95 
Found (o) ” 73 30, “ 9 07 
(6) “ 73 12, " 8 99 

This material is structurally A®-andiostene-3(i3),17(Q;)-diol-16-one-17- 
acetate 3-methyl ether (8) 


SUMMARY 

The partial sjnithesis of urinaiy androstenetnol (Hirschmann’s tnol) is 
described m detail From dehydroisoandiosterone 3-methyl ether it is 
possible to prepare the substance in 21 per cent over-all yield 
A new general method for the transfoimation of 3-methoxy-A®-steroids 
to 3-acetoxy-A‘^-steroids is described 
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STUDIES ON THE STRUCTURE OF POLYSACCHARIDES 

I ACID HYDROLASIS OF STARCH-LHCE POLYSACCHARIDES* 


By MARJORIE A SWANSONj and CARL F CORI 

(From Ihe Deparlmcnl oj Biological Chemistry, Washington Unnersity 
School of Medicine, St Louis) 

(Received for publication, July 28, 1947) 

During tLe course of an investigation of the activating effect of polysac- 
chandes and their split-products on phosphorylases, it became necessary to 
study the kmetics of acid hydrolysis of polysaccharides The following 
cases were analyzed Imear poljmiers contaimng a-1,4 hnkages (amylose), 
branched pofysacchandes contaming both a-1 ,4 and a-1 ,6 hnkages (amylo- 
pectm, glycogen), pol 3 Tners contaming ot-1,6 hnkages (bactenal devtran), 
and cyclic structures contammg a-1 ,4 hnkages (the Schardmger dextnns) 

The question of the relative stabihties of the a-1 ,4 and a-1 ,6 hnkages as 
found m amylopectm and glycogen has been a matter of disagreement 
Data have been published supportmg the opmion that the 1,6 is the less 
stable linkage (1, 2), that it is the more stable (3, 4), and that the two are 
hydrolyzed at the same rate (5) We have found that at least under condi- 
tions of high acidity and low temperature the a-1 ,4 is defimtely more easily 
hydrolyzed than the a-1 ,6 Imkage 

The hydrolysis of the Schardmger dextrms represents a special case 
The openmg of the nngs by the splittmg of one of the 1 ,4 Imkages results 
in the formation of an open cham of 6 glucose un ,s m the case of the 
a-Schardmger and of 7 glucose units m the case of tne /3-Schardmger dex- 
tnn These matenals are of particular advantage m an mvestigation of the 
structural characteristics necessary for the activation of phosphorjdase 

EXPERIMENTAl. 

Methods 

The conditions of the hydrolysis nere similar to those of Hidy and Daj 
(6), except that the temperature n as mamtamed at 30° m a thermostatically 
controlled nater bath The sample was weighed out into a volumetric 
flask, wetted with water, and made to volume wuth concentrated HCl, while 

* This work w as supported bya grant from the Corn Industries Research Founds 
tion From the thesis presented bj M A Swanson to the Board of Graduate Studies, 
Washington Umversitj , in partial fulSlment of the requirements for the degree of 
Doctor of Philospphj 

t Present address. Department of Biochemistrj , Bowman Gra\ School of Medi- 
cine, Winston-Salem, North Carolina 
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the flask was cooled m Avater Tlie concentration of the polysacchaiide 
A\as 0 1 per cent Titiation of the chlonde by the Volhaid method shoAAed 
that the hydrochlonc acid concentiation vaiied between 7 5 and 7 7 N in 
diffei ent senes of experiments Samples Avei e i emoved at suitable mteiwals, 
neutialized AAuth KOH, and diluted to definite volume 

It Mas possible to calculate the degree of hydrolysis fiom measuiements of 
reducing pouei made voth an alkaline copper leagcnt, in spite of the fact 
that such reagents have hitherto been consideied uniehable for estimating 
the longer saccharide chains In pieliminaiy experiments several reagents 
of the Somogyi-Shaffei t^yie were tested In order to evaluate their re- 
liability as indicatois of the degree of lydrolysis, the first order latc con- 
stant for amylose was compaied to that foi maltose It n as to be expected 
that a suitable leagent would give the same late constant for the splittmg 
of the maltosidic Imkages in the lineai polymer amylose as m the disac- 
chaiide maltose, piovided that the leducmg poiver was inversely piopor- 
tional to the length of the cham Weakly alkahne solutions such as the 
bicarbonate-carbonate Reagent 50 (7) did not fulfil the conditions How- 
ever, when Reagent GO (7), containmg only sodium carbonate as the alkali, 
was used with a boilmg period of 30 minutes, it was found that the hydroly- 
sis of amylose followed a first oidei comse over a wide range of hydiolysis, 
and that the rate constant was the same as that found for maltose ^ An 
example of the precision obtained m these measuiements is given m Table I 
These results are typical of those found in several similar experiments 

The late constant was calculated according to the equation, K = 
\/t logio c/(c — r), where c = glucose found on complete hydiolj’'sis, 

I = the leducmg power in teims of glucose expressed as per cent of c, and 
t = time in minutes ^ The constants found foi the fiist mtervals measured 
were regularly too low, which shows that the reagent used was not sensitive 
enough to measure the true leducmg power of the longest chains In 
calculating the averages, the first and last values coiresponding to about 5 
and 95 pei cent hydiol5''Sis weie aibitranly omitted in all cases, smee these 
aie likely to bo the least accurate in a senes of this kmd The rate of hy- 
diolysis of am 5 dose usually lemamed constant until the very end of the 
leaction, while that of amylopectin and gl 3 ’'cogen declmed slightly (cf 
Table I) 

BESULTS AND DISCUSSION 

The constants found for several polysaccharides are summarized in Table 

II and aie given mth the standaid deviation of each series The grand 
aveiage foi all the results of amylose, amylopectin, and maltose is 

’ Maltose Mith this copper reagent had exactly one-half the reducing power of an 
equivalent quantity of glucose 
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Table I 

Hydrolysis Constants in 7 7 v HCl at 30° 


The concentration of polysaccharides nas 0 1 per cent 


Time 

Amylose 

Amylopectin 

H> drolj SIS 

K y 105 

Hydrolysis 

a:xio> 

mtn 

per cent 


per cent 


30 

5 4 

0 77* 

6 3 

0 95* 

60 

13 7 

1 07 

15 0 

1 07 

120 

25 0 

1 04 

26 0 

1 08 

180 

35 4 

1 06 

37 6 

1 14 

240 

44 0 

1 05 

46 3 

1 10 

300 

54 0 

1 12 



360 

57 8 

1 04 

58 7 

1 07 

420 



63 4 

1 03 

480 

69 0 

1 06 

70 0 

1 09 

600 

76 0 

1 00 

77 5 

1 08 

1380 



95 4 

0 07* 

1440 

96 5 

1 03* 

1 05 ± 0 02 


1 08 ± 0 03 


♦Not included in the average 


Table II 

Hydrolysis Constants of Various Polysaccharides in 7 7 n HCl at 30° 


The concentration of polj saccharides was 0 1 per cent 


Polysaccharides 

Source 

K X 10' 

No ofdetermi 
nations 

Maltose 

Commercial 

1 04 ± 0 06 

6 

Amj lose 

Schoch 

1 05 ± 0.02 

8 



1 06 ± 0 05 

11 



1 06 ± 0 02 

0 

Anij lopectm 

(( 

1 07 ± 0 01 

9 



1 08 ± 0 03 

8 

Limit dextrin from amj lo- 


0 95 ± 0 05 

7 

pectin* 


0 96 ± 0 07 

8 

Glycogen 

Rabbit liver 

0 92 ± 0 015 

6 



0 86 ± 0 04 

7 

Limit dextrin from glj co- 


0 89 ± 0 032 

5 

gen* 


0 89 ± 0 036 

6 

Dextran 

Hchrc 

0 159 ± 0 004 

3 


i 

0 154 ± 0 004 

/ 



0 127 ± 0 005 

7 


Hassid 

0 119 ± 0 005 i 

5 


* Prepared b\ prolonged action of 0 amjlase on corresponding poh'saccharides 
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/{■ = 1 06 X 10"^ This IS also the slope of the stiaaght line obtained by 
plotting the function log lo (c — ^) veism tune for these matenals 

Fiom the fact that maltose and am 3 ’-]osc are hydrolyzed at the same rate 
it can be concluded that the a-1 ,4 linkage between anj'- 2 glucose units has a 
charactenstic stability ivliicli is not dependent on the length of the chain in 
which it IS situated If no othei facto) than this chaiacteiistic slabiht}'^ 
influenced the late of leaction, then the lij’^diolysis should be completely 
landom and should be found to be kmetically of the fiist ordei Since the 
leaction was actually found to be of fiist oidei , we can conclude that all the 
linkages in amjdose aie equally available to acid hydiolysis, at least under 
the conditions of oui experiment 

Although the blanched pob'^sacchaiide amjdopectm has a much more 
complicated structuie than amjdose, it is lij'^diob’^zed at the same late and 
the leaction is of the first oidei , theiefoie all the 1 ,4 Imkages aie equallj' 
susceptible to the action of the acid The similanty between the lates of 
splitting of amylose and amylopectin indicates eithei that the 1,6 bond at the 
blanch point is split at the same late as the 1 ,4 bond oi that, if hj’-drolyzed 
at a diffeient late, the 1,6 bonds aie too tew to make a maiked diffeience 

The somewhat low'ei lates of h 3 ^diol 5 ’’sis shown m Table II foi glycogen 
and the limit dextims of glycogen and am 3 dopectm, matenals w'hich contam 
a laigei pioportion of 1 ,6 linkages than amylopectm, suggest that the 1 ,6 
bond IS moie difficult to hydiolyze than the 1 ,4 bond 

This suggestion could be diiectly tested b 3 ’’ the use of bacteiially foimed 
dextian, wduch has been showm by several workers to contam mamly a-1 ,6 
Imkages (8-10) As eaily as 1881 Bechamp (11) noted that this material 
ivas more difficult than staich to hydiolyze in acid and this has lemamed 
common knowledge, but has not been made use of in an analysis of the 
stractuie of staich and glycogen 

Two samples of dexti an wei e tested One, obtained fi om Dr Hein e, was 
s 3 Tithesized by enz 3 anes fiom Leucoiwstoc mesenteroides The othei, 
obtained from Dr Hassid, ivas part of a sample, the analysis of ivhicli has 
aheady been leported (10) The rate of hydiolysis of dextian, about 12 
pel cent of that of amylose (Table 11), is of the light oidei of magnitude to 
account foi the lesults obtamed w'lth glycogen As calculated fiom the 
lespective velocity constants (1 06 and 0 14 X 10“^), 97 0 pei cent of the 
1 ,4 and 37 per cent of the 1,6 linkage -would be hydiolyzed in 24 houis If 
gtycogen contams 91 pei cent of 1 ,4 bonds, then 0 97 X 91 oi 88 3 per cent 
of the total h 3 ’-diol 3 Sis is accounted foi by the 1 ,4 Imkages In addition, 
0 37 X 9 or 3 3 pel cent is contributed by the 1 , 6 bonds, or glycogen should 
be 91 6 per cent hydiolyzed m 24 houis Seveial deteimmations aveiage 
91 per cent hydiob’-sis in this time Compared to this, am 3 dose is found to 
be 97 per cent h 3 drolyzed m the same period The assumption that the 
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1 ,6 linkage is split at the same rate in glycogen as m dextran is apparently 
supported by these calculations 

Ibe cyclic Schardinger de-^trms do not show the same regularity of hy- 
drolysis as the other polysaccharides (12) These compounds have been 
shoira to be rmgs of glucose units all jomed through 1,4 linkages (13), the 
a-de'rtrm contaming 6 units per molecule, the j3-dextrin seven (14) 

In Table III it is shown that K calculated fiom reducmg poiver is not 
constant, but mcreases mth time This might be mterpreted in terms of a 
consecutive leaction, that is, the ordmaiy landom hydrolysis of the 1,4 
linkages n ould not occur until after the img has been opened In this case 


Table III 


Hydrolysis Constants of Schardinger Dextnns in 7 7 i> HCl at S0° 


Time 

a Dextrin 

fi Dextrin 

Reducing power 

1 Ring opening j 

Reducmg power 

Ring openmg 

H> diolysis 

K X 10* 

No of 
rings 
broken 

KX 10> 

Hydrolysis ^ 

KXIO* 

No of 
rmgs ' 
broken ; 

KXIO* 

mtn 

ter cent 


per cent 

■■ 

^>cr cent 

i 

per cent 


30 

2 7 

0 39 

7 2 


3 2 

0 47 

15 7 

2 46 

60 

7 5 

0 57 

18 7 

WSm 

8 0 

0 60 

29 0 

2 48 

120 

16 3 

0 65 

34 6 

1 54 

IS 5 

0 74 


2 50 

180 

25 8 

0 72 

48 0 

1 58 

27 6 

0 78 

66 6 

2 65 

240 

31 7 

0 69 

58 7 

1 60 

36 8 

0 83 

78 3 

2 74 

360 

46 0 

0 74 

76 1 

1 67 

61 2 

0 87 

88 7 

2 63 

640 

67 0 

0 89 

89 2 

1 78 

67 8 

0 91 

95 7 

2 54 

660 

77 1 

0 97 











1 61 




2 67 


* Not included in the average 


one would be dealmg with two rate constants, one representmg the openmg 
of the rmgs, the other the sphttmg of the open chain dextrms The latter 
should coiTespond to that found from maltose and is, m fact, approached as 
the hydrolysis progresses (see Table III) In order to determme the rate 
constant for the openmg of the rmgs, the open cham material present after 
different periods of hydrolj'sis was removed bj tieatmg it nith /3-amjdase 
and destroymg the resultmg maltose by heatmg to 100° m n KOH for 90 
mmutes The rmgs veie then completelj’- hydrolyzed m acid and deter- 
mmed as glucose Control experiments shon ed that no Schardmger dextrin 
Mas lost by the /S-amjdase-alkah treatment, vhile 97 to 98 per cent of 
maltose or of partially hydrolyzed amylose (about 30 per cent hydrolj sis m 
acid) ivas destroyed under these conditions 

The sphttmg of one bond of the rmgs (ZCi) w as found to follow first order 
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kinetics, the rate constant bemg 1 G1 X 10~^ foi the tv:-de\lim and 2 57 X 
10~® foi the /3-de\tun (Table III),- as compaied to a rate constant (K^) of 
1 OG X 10~® foi the hydiolysis of open chains such as maltose and amjdose 
Smce Ki is gieatei than /vo, conditions are favoiable foi the accumulation 
ot dextims of short and faiily unifoim cham lengths, and, as will be shomi 
m Papei III of this senes, these dextrms aie able to activate potato phos- 
phoiylase 

It should not be concluded, however, that, because Ki is gieatei than K 2 , 
the bonds m the cj'^chc structuie aie less stable to acid than the same kind of 
a bond in an open cham The two constants aie not dncctly comparable 
for the following leasons Ki aboie was calculated fiom the concenti ation 
of unopened imgs piesent at ditfeient times dining acid lydiotysis and in 
this case only 1 out of 6 or 7 bonds is being consideied, vhile all the bonds 
aie bemg consideied when late constants aie calculated from measuiements 
of leducmg povci Hence, it is necessaiy to appioach the pioblem of 
stability of the bonds m a different manner 

One waj’’ of doing this is to calculate the piobabihty that a img Mill be 
opened nhen a 1 ,4 bond is split Assume that theie aie 210 bonds piesent 
(a) m an open cham, (b) m the a-dextim (thiit 3 '--fivc rings), and (c) m the 
/3-dextim (thirty imgs), and that aU the bonds have the same stability 
Then A = A(S), vhere A repiesents the most probable numbei of imgs 
broken, ivhen (S) bonds are bioken 

(■ - W) • {- tT 

Avheie N lepiesents the total numbei of bonds <md M the numbci of bonds 
per rmg ® 

This equation is valid foi > > 5 > > 1 If 5 = 21, that is if 10 pel 
cent of the bonds aie broken, A = IG 3 foi the a-dextim and 15 G toi the 
/3-de\tim, coiiespondmg to a piobabihty of 46 6 and 52 pei cent of opened 
imgs, lespectively The times at ivhich 10, 20, etc , pei cent bonds aic 
broken aie given bj’’ the knomi latc of hydiolj'sis of amjdose, and this 
peiTnits the calculated vmlues to be plotted as late cunes This has been 
done m Fig 1, ivhich also mcludes the actually obseivcd lates foi the 
openmg of the imgs of the a- and j3-dextim The latio of the piedicled to 
the obsenmd rates was 4 2 foi the a-de\tnn and 3 6 foi the /3-dextiin 

’ These constants are somenhnt lower than those previous!}^ leportcd (12) The 
earlier method involv ed removal of maltose by fermentation w itli 3 east, and removal 
of the last traces of yeast bj' passing through a Seitz filter before acid hydrotysis It 
was found that the cellulose filter pad retained significant iniounts of the ring dc\- 
tnns, presumablj by absorption 

’ The authors arc indebted to Dr Wiarae for suggesting a statistic il approach to 
this problem and to Dr H Priniakoff for the development of this mathematical 
treatment 
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According i o this mathematical analj sis the cj chc structui es are much more 
stable to acid In drob sis than oiild be picdicted on the basis of the knoira 
rate of In drolysis of the open chams * 

Expel imental support for this conclusion nas found m comparmg the 
lates of acid hxdiolysis at different temperatures Between 30-40° the 
tempeiatuic coefficients weic found to be 2 4 foi amjlose and 3 6 for P- 
Scharduiger dextrm This corresponds to E values calculated bj the 



Fig 1 Rate of ring opening of Schardinger dextnns during acid hj drolysis 
Curves 1 and 2 experimentallj deternuned \alues for or- and P dextrins, respectivelj 
Cur\ es 3 and 4 predicted values, if tlie stabilitx of the 1, 4 bonds was the same in the 
cjclic structures as in the open chains For the equation used in calculating the 
values of Curves 3 and 4 see the text The dotted line represents the rate of h 3 - 
drolysis of amjlose and hxts times at which ]0, 20, etc , per cent of bonds are broken 

Arrhenius equation of 1G,G00 and 24,500 calories, respectively The higher 
activation energy foi the hydiolysis of Schardmger dextims is m harmony 
with the idea that the img foians are considerably more stable to acid than 
the open chams 


1 Dilute solutions of xanoiis polysaccharides were hydrolyzed m 7 7 a 
HC l at 30° and the reducing powei was determmed by means of a copper 

* Some evidence has been obtained bj Dr Wiame in this laboratory that other 
cyclic structures, the motaphosphatcs.show similar characteristics of acid hj drolysis 
as the Schardmger dextnns 
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reagent of high alkalinity Closely agieeing fiist ordei constants were 
obtained for amylose, amylopectin, and maltose over a wide lange of 
hydrolysis, showing that the a-l ,4 linkages have the same stability in linear 
as in blanched polysaccharides Glycogen and the limit dextiin prepaied 
from it and fiom amylopectm by the action of /3-amylase veie hydiolyzed at 
a measuiably slowei rate, paiticulaily towaids the end of hydrolysis This 
was shovm to be due to the relatively laige pioportion of a-1,6 linkages 
which occurs at the branch pomts That this linkage is moie lesistant to 
acid hydiolysis than the 1,4 Imkage was mfeiied from the fact that bac- 
terial dextian, a polysacchaiide containing mamly a-1,6 Imkages, was 
hydrolyzed at a late only 12 pei cent that of amylose 

2 The kmetics of acid hydiolysis of the cyclic Schaidingei dextrms vere 
foimd to be complex Based on the measurement of reducmg powei, a 
constantly mcieasmg late of hydiolysis was obseived which appi cached 
that of maltose and amylose as hydiolj'-sis neared completion It was 
shown that theie aie two consecutive reactions mvolved, the first bemg the 
sphttmg of one bond of the imgs which follows first oidei kmetics and occurs 
faster than the second reaction, the hydiolysis of the open chams 

3 An analysis of the data was piesented which shows that the a-1,4 
bonds in the img stiucture are several tunes more stable to acid hydiolysis 
than the same bonds m open chams Data on the eneigy of activation aie 
m harmony wth this conclusion 

The authors are mdebted to Dr Schoch for the supply of the starch 
fractions, to Dr Hudson foi the Schardmger dextrms, and to Dr Hassid 
and Dr Hehre for the bacterial dextran 
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II DEGRADATION OF POLYSACCHARIDES B1 ENZYMES* 
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Starch and i elated polysaccharides are degraded by two different types of 
en 2 yines, the amylases and phosphorylases An mvestigation of' some of 
the properties of the phosphorjdases involved the use of polysacchandes 
hydrolyzed by a- and /3-amylase and led to a number of observations about 
the action of these enzymes v hich are recorded m tlus paper It appears 
from these experiments that the action of a-amylase on amylopectin and 
glycogen is less random than its action on amylose, that /9-amylase degrades 
one polysaccharide cham completely before transferring its activity to 
another, and that potato and muscle phosphorylases differ m then- action 
on branch pomts 

a-Amylases — It is known that a-amylases from different sources differ in 
the details of their action on starch (1) Therefore all mterpretations are 
meant to apply only to the enzjrme actually used 
The a-amylases of both plants and animals are charactenzed by their 
dextnnogenic action Starch is rapidly degraded to fragments shomng 
progressively reddening lodme colors until the color reaction entirely dis- 
appears Reducmg dextrms, maltose, and small amounts of glucose 
account for the reducmg pover at each stage No high molecular v eight 
residue remams when the reaction has reached apparent completion It 
has been suggested that the primary action may be the sphttmg off of 
fragments about 6 units long, vith subsequent formation of maltose from 
these small dextrms (2) It seems that the 1,6 bonds at the pomt of 
branchmg cannot be hydrolyzed by the enzjane Suggestn e evidence on 
this pomt is the findmg of a small amount of an apparently resistant residue 
from starch treated mtli a-amylase The exact nature of this material has 
not been ascertamed, but it is presumed to consist of tri- or tetrasaccharides 

* This work w as supported bj a grant from the Corn Industries Research Founda- 
tion From the thesis presented bj M A Swanson to the Board of Graduate Studies, 
Washington Umversitj , in partial fulfilment o£ the reqmrements for the degree of 
Doctor of Philosophy 

t Present address, Department of Biochemist r 3 , Bowman Gra^ School of Medi- 
cine, Winston Salem, North Carolina 
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containing a 1 ,6 linkage (3) In most of these investigations either native 
oi some variety of soluble starch has been used 

In this woik sahvaiy am 3 dase fiom one peison was used Ihioughout, and 
the substiates weie hvei gtycogeii and puiified fi actions of com-staich 
The saliva was collected fresh on the day used, diluted vith vater, and 
centrifuged to lemove mucus Repeated tests showed that it was of con- 
sistent amylolytic power A shght tiace of maltose activity was de- 
tectable onty on long uicubation (ovei 24 houis) 

In ordei to test the abihty of a-amylase to split 1 , G Imkages, dexti an ivas 
used as the substrate To 100 mg per cent solutions of dextran and starch 
respectively w^ere added equal amounts of eiizjune In less than 2 minutes 
the staich ivas completely achiomic to lodme and gave a positive reduction 
test with Benedict’s solution Even after 24 houis mcubation at 30° the 
dextian showed no sign of leducmg power How'evei, this negative lesult 
does not necessaiib' show that the enj’'zme is mcapable of attackmg a 1,6 
hnkage as it occurs in amylopectm, smce the wRole stnietuie of the dextran 
may be such as to mlubit the enzyme For example, theie is no doubt that 
a-amylase can h 3 ’'drolyze 1 ,4 linkages, but those m the Schardingei dextrins 
aie completely lesistant 

If the 1,6 linkages are not split, then amylopectm and glycogen should 
leaye an unhydiolyzed lesidue of significantly gi eater chain length than 
that left by amylose Samples of these tluee polysacchandes weie dis- 
solyed m 3 n KOH and neutiahzed with HC'l, then 20 ml of 0 1 m citrate, 
pH 6 5, 20 ml of 2 per cent NaCI, and w'atei to make 100 ml w^eic added 
These solutions WTie incubated with a-amjdase foi 40 houis, and then ic- 
ducing powei w^as determmed befoie and aftei acid hj-'diolysis ^ The 
average cham length m glucose units was found to be 2 0 foi amjdose, 3 7 
foi amjdopectm, and 2 9 foi gljxogen Smce the formation of a small 
amount of glucose has not been excluded, the apparently complete conver- 
sion of amylose to maltose may be fortuitous, but, with this as a standard of 
compaiison, it ma}’’ be seen that the lesidues from the blanched potysac- 
chaiides are significantly longei This suggests that a-amylase does not 
split the linkage at the branch pomt 

An attempt was made to obtam evidence for the removal of fragments of 
uniform size Polysacchandes w^eie incubated with a-amylase at 30°, and 
samples w’^ere taken at inteiwals The enzyme action was stopped by heat , 
then 1 aliquot of each sample W'as used foi a deteimmation of leducmg 
powci in 01 del to calculate the pet cent hydiolysis, wRile anothci aliquot 

I TUc average chain length was calculated from the differences in i educing powrer 
before and after acid h3'drolj’sis The copper reagent used (see Paper I of this series) 
showed a reducing power per mg of maltose hydrate which was one-half that of 
glucose 
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was dialj zed 20 hours against 4 ^ olumes of distilled water in the refrigerator 
Dialj'sis was earned out in cellophane sacs obtained from the Visking 


Table I 


Separation of Products of Hydrolysis of Glycogen Digested by a-Amylase 
The samples were diabzcd m cellophane sacs for 20 hours against 4 volumes of 
HjO at 2° 


Sample No 

Hydrolysis 

Apparent chain lengths 

Dialyzed solution 

Dialysate 


per cent 

^ glucose units 

glucose units 

1 

I 6 

87 

4 0 

2 

2 5 

72 

2 4 

3 

S 8 


4 7 

4 

7 1 

24 4 

3 7 

5 * 

14 7 

16 3 

. 3 3 

6 

21 2 

12 5 

3 6 

7 

23 7 

9 2 

3 7 

S 

25 0 

8 4 

3 6 

9 

26 2 

8 0 

3 7 

10 

28 8 

7 0 



Table II 

Separation of Products of Hydrolysis of Amylose Digested by a-Amylase 


The samples w ere dialj zed in cellophane sacs for 20 hours against 4 volumes of 
HiO at 2'’ B = blue, P = purple, R = red 


SamplcNo 

Hydrolysis 

Dialyzed solution 

Dial> sate 

Chain length 

Iodine color 

Cham length 

Iodine color 


Per cent 

glucose units 


glucose units 


1 

3 2 

21 2 

B -P 

8 6 

Faint P 

2 

7 8 

17 7 

P 

6 2 

R 

3 


IS 3 

it 

5 7 

it 

4 

12 2 

10 5 

R-P 

5 6 

n 

5 

13 5 

9 8 

«( 

4 5 

it 

0 

16 2 

8 3 

R 

4 4 

li 

7 

17 2 

7 3 

if 

4 0 

Faint R 

8 

23 2 

6 3 

if 

3 4 


a 

28 8 

4 3 


2 9 


10 

32 8 

3 4 


2 7 


11 

40 5 

1 

2 7 

i 

2 0 



Coiporation The reducing powci of the innei and outer fluids was de- 
teniimed both befoie and after acid Iijdrohsis in order to calculate the 
chain length From fables I and II it can be seen that the diabzable 
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material obtamed fiom glycogen was remaikably uniform m size over a 
fairly Avide range of hydiolysis, while the dialyzable fiagments from amylose 
showed no such unifoimity Furtheimore, the undialyzable fiagments of 
amylose showed a much gi eater i eduction in size foi a given degiee of 
hydiolysis than those of glycogen These lesults might be asciibed to 
diffeiences m stiuctuie The Imeai polymei, havmg a imifoim and easily 
accessible stiuctuie, is hydiol 3 ''zed b}'- a-amylase in a moie landom mannei 
than the blanched potysacchaiide 

^-Amylase — This enzyme, found only m plants, has atti acted much 
attention because of the peculiarities of its action It is chaiacteiized as 
sacchaiogenic, smce laige amounts of reducing sugar and no detectable 
mteiTOediates are foimed The generally accepted view of its action is 
that postulated by Hanes (4), which is that the enzyme successively le- 
moves maltose units fiom the non-aldehyde end of the cham until the action 
IS blocked by spme anomaly m stiuctuie This block is now thought to be 
the 1,6 linkage at the bianch pomt, smce the unbianched fraction of staich 
IS completely bioken doim 

Meyei and Bernfeld’s (5) kmetic prediction that the late of hydrolysis 
should lemain constant because the number of end-gioups lemams the same 
implies that all the chams ai e shoi tened at a unif oi m i ate If this were ti ue, 
then short cham intei mediates should be obtainable fiom amylose partly 
ligested by /3-amylase 

Oui /3-amylase was piepaied fiom ungeimmated wheat by the method of 
Ballou and Luck (6) It showed no tiace of maltase activitj'' Although 
the optimum pH is 4 8, it was veiy active foi long periods of tune at pH 
6 5, which was the pH used foi all but the pielimmaiy expeiiments A 
sample of amylose was dissolved m about 1 ml of 3 n KOH and neutiahzed 
ivith HCl, then 20 ml of 0 1 m citiate at pH 6 5 weie added and enough 
water to make 100 ml When the amylose concenti ation was below 200 
mg per cent, this amount of salt was sufficient to keep it fiom letiogiadmg 
before complete enzjonatic hydiolysis was achieved About 0 5 mg of 
enzyme powdei m 1 ml of citiate buffei was added, the digest incubated at 
30°, and a sample taken at inteiwals As with the a-amylase, the enzyme 
action was halted by heating at 100° foi 10 minutes 1 portion of each 
sample was used to deteimine the leducmg powei, vhicli was calculated as 
maltose Another portion was dialyzed in cellophane sacs against 50 vol- 
umes of ivater foi 20 houis at 3°, as shown in Table 11, fragments of an 
average chain length of 9 glucose units can be lemoved by dialysis The 
material which was recoveied from inside the sacs had no reducing powei 
and stained blue with iodine, it was completely hydiolyzed in acid and de- 
tei mined as glucose 

The aim of this expeiiraent was to calculate the amount of unhydrolyzed 
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amylose (o) from the amount of undialyzable carbohydrate and (6) from the 
amount of maltose formed, the argument being that the formation of mter- 
mediate dextrms durmg the action of /3-amylase should give rise to a dis- 
crepancy between these two values The results are shomi in Fig 1, 
where the values for (a) and (6) are plotted as the pei cent of the total 
amylose oiigmally present The two curves comcide up to a pomt where 
only 30 per cent of amylose is left unhydrolyzed, hence fragments other than 
maltose w'ere apparently not formed m significant amounts The diver- 
gence of the curves after more complete h 3 ’'drolysis is due to the formation 
of a small amount of glucose, as is shown by the separate determmation of 
maltose and glucose by differential feimentation with yeast This makes 



Fig 1 Comparison of amount of amj lose left unhydrolj zed after various intervals 
of digestion by ^-amylase, • , calculated from undialyzable carbohydrate, ■, calcu- 
lated from determinations of reducing power as maltose 

the determmation of the reducmg powder calculated as maltose too high and 
hence the hydrolysis of amylose appears more complete than it actually is 
Had intermediate dextrms been piesent, the reducing power would have 
been deteimmed too low , and the tw'o cun es w ould have diverged in the 
opposite direction 

The lack of short cham intermediates betw een amylose and maltose, the 
evidence from phosphoiylase activation (Paper III) and from lodme colors 
(Paper IV), suggests that the action of j3-amylase, at least on am} lose, con- 
sists m complete scission of one whole cham to maltose before another cham 
IS attacked The same apparently applies to the action of /3-amjlase on 
amylopectm, smce tests on the activation of phosphorj lase show a decrease 
m the number of end-groups from the begmnmg of the reaction (Paper III) 
The action here is apparently the remoial of one whole termmal cham as 
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maltose befoie anothei is attacked, and not a slioitenmg of all the outside 
chams at the same late 

The question is sometunes laised Avhethei or not the amylases can attack 
very shoit chams Wlien partial hydiolysates of a-Schaidmger dextrin 
were tieated vuth eithei a- oi /3-amylase, theic vas a maiked use in the 
reducmg poA\er of the solution, and practically all of the leducmg poAvei 
could be lemoved by fermentation Avith fresh yeast Smce the unopened 
rmgs Aveie not attacked at all, this shows that both enzymes are able to 
split very short chams A very small amount ot non-feimentable leducmg 
material which lemamed has not been mvestigated further 

Degradation by PJwsphoi ylases — In an early study of mammalian phos- 
phoiylases Con, ColoAnck, and Con (7) showed that 95 pei cent of the gly- 
cogen which disappeared could be accounted for as glucose-l-phosphate 
It was also noted that, if an excess of phosphate v as added, all the glycogen 
Avas degraded ^ These findings suggest a resemblance t,o the end-A\ise 
attack of /S-amjdase, AAith the lathei suiprismg additional ability to by-pass 
the 1 , 6 Imkages at the branch pomts, oi peihaps even to break them The 
action of ciystallme muscle phosphorylase on pui ified glycogen and amjdo- 
pectm Avas studied, and the lesults Avhich had been obtamed A\ith crude 
muscle extracts Aveie confiimed 

The solution of polysaccharide (250 mg ) and enzyme A\as placed in a 
small dialyzmg sac, suspended m a large volume of 0 1 m phosphate-cys- 
teme buffer, pH 7 2, and incubated at 30° A drop of toluene aa'ss added to 
the contents of the sac to inhibit bacterial gioAA-th At intervals the outei 
solution AAas leneAA^ed so that glucose-l-phosphate AA^as contmually lemoA’-ed 
from the system A control AAuth citiate-cysteme buffer mstead of phos- 
phate AA as run simultaneously to check on the possible piesence of amylases, 
and to correct for the effects ot osmosis Avhich tended to increase the con- 
centration of glycogen Samples AA^eie removed at mteivals from both 
digests, the glycogen (oi amylopectm) tAvice precipitated AAUth alcohol, 
hydiolyzcd m acid, and determined as glucose The results are sIaoaati in 
Fig 2, AAhere the amount of polysacchaiide icmammg is plotted as pei cent 
of that found m the control 

In Older to find possible mtermediates too small to be piecipitated in 
alcohol, duplicate samples Aveie hj’diolyzed dnectly Anthout piecipitation 
Identical amounts of glucose Aieie found m lioth pieclpitatcd and non- 
precipitated samples Even at the level of 80 per cent degradation tlie 
residue shoAA^ed all the properties of the original glycogen, it aa'os non- 
dialyzable, stained red A\ith lodmc, formed tianslucent solutions in AAutei, 
and AAas precipitated on the addition of 2 \olumcs of ethanol This pre- 

* Con, G T , unpublished 
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cipitate was redissolved, insoluble protein and cj'stine rfiihoved lay Centrifu- 
gation, and the mateiial made up to 1 per cent solution, and the experiment 
repeated It was attacked by the phosphorylase at the same rate as the 
ongmal glycogen 

The results m Fig 2 mdicate that muscle phosphorj lase can degrade - 
glycogen and amylopectm bej ond the branch pomts As a further check 
the limi t, dextnn of glycogen w as prepared by prolonged action of /5-amylase 
This matenal was mcubated foi 24 hours with a phosphate-phosphorjdase- 
phosphoglucomutase system (The latter enzyme was added m order to 



Fig 2 Degradation of branched polyBacchandes by crystalline muscle phos 
phorylase Value plotted as a fraction of the amount of carbohydrate found in the 
control, •, glycogen, ■, amjlopectin, the arrows represent the addition of more 
enzyme 

convert the glucose-l-phosphate formed by phosphoiylase to glucose-6- 
phosphate and thereby to shift the equihbnum awaj from glj’-cogen ) 
The banum salts of the phosphate esters were isolated m good jneld and 
analyzed for total and easily hydroVzable phosphate In three such 
experiments the easily hydrolyzed phosphate averaged 5 per cent of the 
total estenfied phosphate This is the proportion found when phospho- 
glucomutase acts on a solution of pure glucose-l-phosphate Smce the 
limit dextrm was used, the formation of phosphate esters mdicates that 
muscle phosphorjdase can by-pass 1 ,6 linkages 

The question vhcther phosphoi'j lase can actually break 1 ,6 linkages has 
not been settled 'UTien dextran nas treated mth muscle phosphorj lase, 
no uptake of phosphate was found eaen on prolonged mcubation nath an 
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amount of enzyme which completely degraded a similar amount of glycogen 
m 3 hours However, as m the case of a-amylase, this negative result is 
open to the criticism that the structure of the dextran may be so different 
fiom that of glycogen as to be unavailable to attack Interestingly 
^enougli, dextran is able to activate phosphorylase foi polysaccharide syn- 
thesis (Papei III) 

Potato phosphorylase is similai to j8-amylase m being unable to pass the 
branch pomt Meyer and Bemfeld (8) have shown that the Imut dextrin 
from amylopectin is not attacked by potato phosphorylase 



Fig 3 Degradation of branched polysaccharides by potato phosphorylase • , 
glycogen, ■, amylopectin, the arrows represent the addition of more enzyme 

When amylopectm and the potato enzyme weie dialyzed against a phos- 
phate buffei, as described for the muscle enzyme, the degradation did not 
proceed beyond 40 per cent, as compaied to a degradation of 60 pei cent 
with ^-amylase The ability of the potato enzjmie to degrade glycogen 
was even more limited (see Fig 3) 

The followmg experiment was designed to charactenze the limit dexdim 
formed fiom amylopectin by potato phosphoiylase About 250 mg of 
amylopectin and a concentrated solution of potato phosphorylase weie 
dialyzed for 40 hours agamst seveial changes of phosphate buffer, and then 
the residual polysaccharides precipitated mth methanol A portion of the 
dried sample was redissolved and treated with phosphorylase for a furthei 
40 hours This second residue was also piecipitated and diied The two 
fractions weie tested for their ability to activate potato phosphorylase in 
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the synthesis of polysaccharide and for their susceptibility to attack by 
/S-amylase The results are shonn m Table III It is seen that even at the 
limit of degradation with potato phosphorjdase some branches remam 
which can be removed by the /3-amylase These remammg branches, per- 
haps 5 to 6 umts long if the branches w'ere shortened uniformly, are not 
very effective m activatmg phosphoiylase m the synthetic reaction The 
limit dextrm formed from amylopectm bj’- /3-amylase does not activate 
potato phosphoiylase 


Table III 

Properties of Residue from Amylopectm Degraded with Potato Phosphorylase 
Residue I, obtained after 40 hours of incubation with potato phosphorylase, was 
isolated and incubated with the enzyme for another 40 hours, giving Residue II 
Both residues were tested for their ability to activate potato phosphorylase for poly- 
sacchande synthesis with glucose-l-phosphate as the substrate An amount of 
residue was used corresponding to an original amylopectm concentration of 35 mg 
per cent and was compared with the activating effect of 500 mg per cent of soluble 
starch Both residues were also subjected to the action of ^-amj lasc 


Sample 

Time of dcgra 

datiOQ 

Actnatmg effect . 
for phosphorylase 

Degradation by 
fi amylase 


hrs 

Per cent 

fer cent 

Amjlopectm 

0 


60 

Residue I 

40 


30 

“ II 

80 


19 


SUMMARY 

The degradation of polysaccharides by fom enzymes has been mvesti- 
gated The action of sahvary a-amylase on amjdose, a Imear polysac- 
chande, appears to be more random than its action on gl 3 ’-cogen, a branched 
polysaccharide Durmg the action of /3-amylase of vheat on amylose, 
intermediates of short cham length could not be detected This obsery’^a- 
tion, as well as others, suggests that this enzyme degrades one vhole amjd- 
ose molecule completely to maltose before attackmg a new cham Both 
a- and /3-amylase hydro^zed the short saccliande chains obtamed bj 
partial hydrolj'sis of the Schardmger devtrms 

Muscle phosphorylase can degrade gtycogen and amjdopectm bejmnd the 
branch pomts Potato phosphorylase is similar to /3-amjlase m bemg 
unable to pass branch pomts, but differs from /S-amjlase m remoimg the 
termmal chams of amjdopectm less completelj No e\udence has been 
obtamed that anj' of these enzymes can break the a-1,6 Imkages at the 
branch point Thej’’ do not act on dextran, a polj saccharide consisting of 
o!- 1,6 Imkages 
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Since it ivas discovered that the synthesis of polysacchande by phos- 
phorjdase would not proceed in the absence of a small amount of preformed 
polysacchande (1), there has been much mterest m the nature and function 
of the so called activator or primer The explanation best m accord with 
observed facts is that the activator furmshes end-groups which act as 
nuclei foi the addition of new chain umts (2) Muscle phosphorylase 
apparently requires a large molecule unth many end-groups, qualities best 
supplied m glycogen In contrast, potato phosphorylase is activated by 
many starch-like matenals (3-5), the structural requirements bemg much 
less exactmg than those of the muscle enzyme The small amount of 
dextrm which usually contammates maltose and enzymatically prepared 
glucose-l-phosphate causes activation of the potato enzyme, vhile re- 
crystalhzed maltose and synthetically prepared glucose-l-phosphate have 
no activatmg effect Recently, Proehl and Day (6) reported that bactenal 
dextran had shght activatmg abihty 

In a pre limi nary report (7) it was shown that dextrms averagmg 4 to 5 
glucose umts m length could activate potato phosphorylase In the 
present paper this mvestigation will be reported in greater detail The 
relation of activation to the size of the dextrms was studied by obseivmg 
changes m the activatmg abihty when polysacchandes were hydrolyzed by 
various agents In this connection some obsenmtions have also been made 
on the structure of branched polysacchandes 

EXPERIMENTAI. 

The acid hydrolyses were earned out as desenbed m Paper I of this 
senes For the enzymatic hydrolysis, 100 mg per cent solutions of polj"- 
saccharide m 0 02 m citrate at pH 6 5 were treated \nth enough enzjune to 

* This work was supported by a grant from the Corn Industries Research Founda- 
tion From the thesis presented b\ M A Swanson to the Board of Graduate Studies, 
Washington Umvcrsitj , in partial fulfilment of the requirements for the degree of 
Doctor of Philosophi 

t Present address, Department of Biochcmistrj , Bowman Gra^ “School of Medi- 
cine, Winston-Salem, North Carolina 
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effect about 50 per cent hydrolysis m 1 hour ^ At suitable mteivals samples 
were lemoved and heated at 100° for 10 minutes to stop enzyme action 
Usually the determination of the activating and the reducmg power was 
made on the same day as the hydrolysis 

For testing the activating ability a polysacchaiide concentration of 
30 to 35 mg per cent was chosen, since it has been found that 12 to 15 mg 
pel cent of amylopectin gave half maximal activation of potato phosphory- 
lase At double this concentiation the system was still sensitive to in- 
creases in end-gioups, while the activity m the piesence of less effective 
substances was not too small to be measuied The mateiial to be tested 
was substituted foi the staich oi glycogen in the standaid test system, 
which consisted of equal parts of polysaccharide solution, 2 25 per cent 
glucose-l-phosphate (as dipotassium salt), and enzyme The phosphory- 
lase of potato was diluted with 01 m citrate buffer at pH 6 5, and that of 
muscle with 0 03 m cysteme-1 per cent sodium glycerophosphate at pH 6 8 * 
After 5 minutes incubation at 30°, the leaction was stopped by addition of 
part of the sulfuiic acid needed foi the phosphate determination by the 
method of Fiske and Subbaiow (9) Each senes contained a standard 
tube containing 500 mg per cent of starch oi glycogen, and all activations 
were calculated as a peicentage of this maximal value Because of the 
great sensitivity of the muscle enzyme to salts, the chloiide concentiation 
of the standaid glycogen solution ivas adjusted to that of the test solutions 
Synthetic glucose-l-phosphate was used thioughout, since the enzymati- 
cally prepared estei always gives a substantial activity with the potato 
enzyme, a factoi which makes the quantitative lelationships more difficult 
to evaluate 

The reducmg poivei was measuied ivith Shaffei and Somogyi’s Reagent 
60 (10), ivith a boiling time of 30 minutes For acid hydrolysis it was ex- 
piessed as per cent conversion to glucose and for the hydrolysis with amy- 
lase as per cent conversion to maltose, although maltose is not the sole 
reducing substance present 

Coi relation of Activating Ability with End-Groups and Cham Lengths — 
The cuiwes obtained by plotting the pei cent activation against the pei 
cent hydiolysis foi acid-tieated amylose and Schai dinger dextrins are 

‘^-Amylase was prepared by the method of Ballou and Luck (8) from wheat 
Diluted saliva w'as the source of a-amylase Extra NaCl, 400 mg per cent, was 
added to the substrate of a-am>lase 

* The crystalline muscle phosphorylase was prepared by Dr G T Con from rab- 
bit muscle The potato phosphorylase was prepared by Dr A A Green It had 
an activity of 10 to 15 units per mg of protein, when 1 unit is the amount of enzyme 
liberating 0 1 mg of phosphorus in 6 minutes at 30° and pH 6 5 in the presence of 500 
mg per cent of starch and 750 mg per cent of glucose-l-phosphate It was free 
of phosphatase and amylase activity 
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shown m Fig 1 Each cun'e is the composite of several series of deter- 
minations The characteristic rise and fall of the activating ability is a 
function of the number and size of the fragments formed durmg the hy- 
drolysis Two opposing effects aie in operation, as hydrotysis progresses, 
more and more end-groups become available for the activation, but at the 
same time some chams become too short to be activating The curi'e for 
the a-de\tnn is lower and flatter than that of the /3-dextrin because the 
slower rate of rmg openmg (Paper I) leads to a smaller but moie prolonged 
supply of open chams 

The lengths of the chams available for activation were determmed after 



Fig 1 Activation of potato pliosphorj lase by acid-hydrob zed unbrancbed poly- 
Baccbandes The average chain length at the peak of activation was beta een 4 and 
5 units See the text O, amylose, ■, ^-Schardinger devtnns. A, a-Schardinger 
dextrin 

glucose and maltose were removed by fermentation ivith j east Then the 
reducmg power was detemuned before and after complete acid hydrob'sis, 
and the data used for the calculation of the average chain length In the 
case of the Schardmger dextrms the unopened nngs had also to be de- 
termined (Paper I) With both amylose and the /3-Schardinger dextrin the 
peak of activation occurred nlien the average length of the chains nas 4 
to 5 glucose units, and this n as also the average maintamed over the fiat 
part of the curve for the a-dextnn The fermented hj'drolysate from 
amylose at the peak of the curve is a relatively homogeneous mixture, 
contammg no fragments ovei 7 (since it is achromic to iodine) nor under 
3 umts long It should prove a good material from vv hich to isolate frac- 
tions to study the minimal cham length required for actuation 
Weibull and Tiselius (11) separated dextrms of v anous cham lengths mth 
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the aid of their adsoiption analysis technique They found pure maltose 
to be inactive, while tn- to hexasaccharides had an activatmg effect foi 
potato phosphorylase There is thus fair agieement as to the require- 
ments of potato phosphoiylase for activation This enzyme is useful as 
an indicator for the presence of dextrms too short to give an iodine color 
Of some importance is the question of the affinity of these shoit ehains foi 
phosphorylase as compared to starch or amylopectm It should be em- 
phasized again that all compaiisons of activatmg ability in the experiments 
in Figs 1 to 7 weie made with equal concentrations of polysaccharides e\- 
pi essed as glucose F oi an equal concentration, Weibull and Tiselius found 
a hexasaccharide to be moie activatmg than starch According to the 
present theory, a companson of activatmg ability should be based on the 



I'lG 2 Activation of potato phosphorylase by acid-hydrolyzod branched polj'-- 
faaccharides ■, amylopectm, • , amylopectm limit dextrin 

concentration of activatmg end-groups Accoidmg to our measurements, 
starch and amylopectm mth about 4 5 pei cent end-groups give half max- 
imal activation of potato phosphorylase at a concentration of end-gioups of 
about 3 X 30~® m per liter A similar \alue is found for coin amylose, 
its aveiagc chain length being assumed to be about 200 Foi dextims of 
an aveiagc chain length of 5 units (deiived fiom hydrolysis of eithei amy- 
lose or jS-Schaidmgei dextrin) the coi responding value was 1 4 X 10"* 
M per liter This indicates that per mole of end-gioup the short chains are 
less effective as activators than the native polysacchai ides A recalculation 
of the data of Weibull and Tiselius gives the same lesult 
The ciiivcs obtained with scveial polysaccharides hydiolyzed with 
different agents are presented in Figs 2 to 0 Acid hydroljsis piodiices a 
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nse in nctnation in every case except that of amylopectm Hydrolysis 
by o-amylase causes a small increase, even vath amylopectm The p- 
amylase alvajs decreases the activation In all cases the curves were 
reproducible and quite cliaractenstic, so that this method can be used as a 



Fig 3 Activation of potato phosphorylase by acid-hydrolyzed branched polysac- 
chandes ■, glj cogen, • , glycogen limit dextnn 



Fig 4 Actuation of potato phosphorjlase by poh Baccharides hjdroljzcd bj 
a amylase • , amylopectm, ■, amvlose. A, gb cogen 

means of identifjnng an unknown polj^sacchande of the group tested This 
is shoM-n m a previous paper in which the actn atmg effects of a number of 
additional polysacchandes ha\ e been tabulated (7) 

In general, the mcrease or decrease in actn atmg abihty obser\ ed in these 




820 


ACTIVATION OF PHOSPHORYLASBS 


experiments is in haimon}^ with tlie concept that activation depends on the 
number of end-gioups available, provided the chains to which the end- 
groups aie attached are above a ceitain minimal size Amylopectm seems 



Fig 5 Activation of potato phosphorylase by limit dextnns hydrolyzed by a- 
amylase O , amylopectm limit dextnn, B, glycogen limit dextrin 



Fig 6 Activation of potato phosphorylase by polysaccharides hydrolyzed by 
/S-amylase •, amylopectm, B, amylose 

to be an exception, since it is difficult to explain why acid hydrolysis does 
not result in an inciease in available end-groups The limit dextiin of 
amylopectm shows a large mciease m activating ability on acid hydrolysis 
(Fig 2) Since this is due to the breaking up of the inner structure, it 
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would appear that acid causes a decrease m the activatmg ability of the 
outer structure faster than the inner segments are made available 

The very low acti\ating ability of the limit devtrms of amjdopectm and 
glycogen (Figs 2, 3, and 5) shows that an end-group must be more than 1 
or 2 units from a branch point m ordei to be available to potato phos- 
phorylase Actually, if we judge from the data of Table III, Paper II, a 
somewhat longer chain may be required The fact that the effective chain 
length of the outer structure is limited by the branch point makes it possible 
to explore the mner structure of branched polysaccharides by means of 
potato phosphorjdase 

The hydrolysis activation cun'es of the limit devtrms m Figs 2, 3, and 
5 show that both acid and a-amylase can split the mnei structure m such 
a manner that activating chams are formed If a cham of 3 to 4 umts 
from a branch pomt is required and acid hydrolysis is random, then at least 
some of the inner segments must be as long as 6 to 8 umts to be split to 
activating chains Accordmg to an estimate of Meyer (12) the inner 
segments of amylopectm are on an average 8 to 9 umts long The evidence 
from phosphorylase activation is m agreement with this estimate In the 
case of glycogen the inner segments were estimated to be on an average only 
3 umts long (12), and this is not compatible with the evidence from phos- 
phorylase activation, unless one makes the assumption that the inner 
structure of glycogen is very irregular, consistmg at least of some long inner 
segments 

That the 1,6 linkage itself does not interfere with activation is shown by 
the fact that bactenal dextran activates potato phosphorylase Proehl and 
Day (6) found that 570 mg per cent of dextran dissolved m w^ater had about 
40 per cent of the activatmg effect of 150 mg per cent of amylopectm 
Similar observations have been made m this laboratorj’' with tw^o diffeient 
samples of dextran ■S^^len high concentrations of the dextrans w ere dis- 
persed in water or m 7 7 n HCl (followed by neutralization), the activation 
was about 30 per cent of maximum Dextran dissolved m high concentra- 
tion m 3 n KOH, followed by neutralization, w'as as effective an activator 
as the same amount of starch At low er concentrations the dextran w^as 
less effective than starch "N^Tien more dilute alkali was used, the acti- 
vatmg effect w’as less than that of starch even m high concentrations 
Apparently the effect is one of degree of dispersion, the higher alkalimtj 
bringing the dextran into more perfect solution An effect of alkah on the 
solubility of dextran has been descnbed by Daker and Stacey (13) and may 
be connected wuth the elimmation of nitrogenous impurities That the 
degree of dispersion plaj s a role has also been shown m the case of am} lose, 
which IS more effective as an activator when first dissoh ed either in acid or 
alkali than w'hen dispersed in water 
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Altlioiigh each glucose unit in the de\tian has a free liydioxyl on caibon 
4, only a feiv of these seem to act as primers of phosphoiylase Con elation 
of the iodine coloi of the newly formed polysacchaiide with the amount of 
glucose-l-phosphate that has leacted should give an estimate of the numboi 
of activating gioups used m the dextian In one sample studied spectio- 
photoraetiically, the spectium of the iodine complex of the newly formed 
polysacchaiide closelj’’ resembled that of amylose From data to be pie- 
sen ted m Paper IV one could estimate that the new^ly foimed chams weie 
at least 50 units long Since 2 3G X 10~® m\i of glucose-phosphate had 
leacted, the concentiation of activating groups should have been one- 
hftieth of that value oi 4 7 X 10“® mai, as compared to a glucose concentra- 
tion in the dextian of 1 4 X 10“- mM This would indicate that onlj'' 
0 34 pel cent of the hydioxyls on carbon 4 was involved m activation, a 
value which is even smallei than the numbei of end-gioups found foi this 
sample of dextian ^ 

Tieatment of amylose or of amylopectin with /J-amylase results m a 
decrease in activating ability (Fig 6) If all chains were shoitened uni- 
formly, the moles of end-groups wmuld remain the same and the decrease m 
activating ability would lesult fiom decieased affinity i\jiother pos- 
sibility IS that suggested m Papei II, namely that a whole chain is com- 
pletely degiaded befoie a new one is attacked In tlus case the decrease in 
activating abilit}’- would lesult from a loss of end-groups Calculations 
based on the second assumption show fan agreement in the case of amy- 
lopectin In the case of amylose the loss of activating ability is gi eatei than 
can be explained by the loss of end-gioups, peihajis becau^ie ,d-amylase 
attacks piefeientially the short amylose chams 

The lequiiements of muscle phosphoiylase aie naiiowei than those of 
the potato enzyme Glycogen is the best activator, and its effectiveness 
mci eases slightly after very short hydrolysis in 6 n IICl at 30° (7), followed 
by a sharp decrease In 7 7 n HCl (Fig 7) the actiyatmg ability of gly- 
cogen decreases rapidly fiom the start, in contiast to its gieatb-- inci eased 
effectiveness foi potato phosphorylase (Fig 3) Hydrolysis of glj^cogen by 
a-amylase (Fig 7) icsults in a slight initial increase in activating ability 
(see also (15)), wath more prolonged action of a-amylasc the activating 
ability IS lost lapidly Glycogen limit dextrin prepared by ;8-am34ase 
has some activating effect, while that of amylopectin is onlj’^ slightl}’’ active 
Hydrolysis of the formei mateiial only decreases the activation (Fig 7) 
These observations and those previously recorded (7) all agiee with the 
concept that muscle phosphor 3 '-lase requires a large molecule foi activ^ation 

’ The dcvtran used was that analyzed by Hassid and Barker (14) and found to yield 
ibouf 2 0 per cent tetrametlpl glucose 
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Dextran dissoh ed in high concentiations in alkali and then neutralized 
had nearlj' the same actuating abilitj foi muscle phosphoijdase as gly- 
cogen, but on dilution activation deci eased lapidly When dissolved m 
acid, dextran haidly activated even in high concentrations, and activation 
disappeared on hydrolysis Since dextran cannot be split by phosphorylase 
in the piesence of phosphate (Paper II), this lepresents an example of a 
molecule iihich can actuate both potato and muscle phosphorylase but 
cannot be attacked bj them 



Fig 7 Activation of miisclo phosphorj lase bj hj clroh zed polysaccharides • , 
gljcogen and a-amylase, A, glycogen limit dextrin and a ainilase, O, gh cogen in 
77 X HCl 


SUMJIABX 

1 The hydiolysis products of various polysaccharides iieie tested foi 
their activating ability foi potato phosphorvdase When the per cent 
hydrolysis vas plotted against per cent activation, cun'es veie obtained 
vhich veie charactenstic for each polysacchaiide and for the hydioljtic 
agent used (acid or a- or / 3 -amylase) 1 lie increase or decrease in activation 
vas showTi to depend on the numbei of end-groups formed during 113'- 
cli olysis as n ell as on the size of the fragments Chains onh 4 to 5 glucose 
units long, denaed from h3drolyzed am3dose 01 Schai dinger dextnns, had 
activating power foi potato phosphoivlase 

2 A study of the actuating effect of blanched pob'^saccharides during 
h3drol3'sis b3’^ /3-am3lase shows that the branch point limits the length of 
the chain and that potato phosphon lase cannot be actu ated b3'^ an end- 
gioiip less than 3 01 4 umts removed from a branch point 

3 The limit dextnns of amylopectm and glycogen can be lu droly zed by 
a-araydasc or acid to 3 leld activating fragments This show s that some of 
the inner segments of these polysaccharides are at least 6 to 8 glucose unit'' 
long 
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4 Muscle phosphorylase is activated only by large soluble molecules 
with many end-gioups, such as glycogen and amylopectm Enzymatic or 
acid hydrolysis causes a rapid loss of activating power 

5 Bacteiial dextran which contains piimarily a-1,6 linkages, when 
dissolved in alkali m high concentration and then neutralized, is able to 
activate both potato and muscle phosphorylase 
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STUDIES ON THE STRUCTURE OF POLYSACCHARIDES 
TV RELATION OF THE IODINE COLOR TO THE STRUCTURE* 
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School oj" Medicine, St Louts) 

(Received for publication, July 28, 1947) 

There has been a large amount of work done on the blue colored com- 
plexes which starch forms mth iodine (c/ the review by Baiger (1)) 
YTien a sharp fractionation of starch was achieved, it was found that 
amylose contnbuted most of the blue color, that of amylopectin bemg a 
comparatively pale lavender Since amylopectm is much larger and more 
colloidal m nature, it seems that the color formed with lodme is related to 
the structure of the molecule rather than to its colloidal properties Evi- 
dence has been presented by Rundle and French (2) that amylose in solu- 
tion has a helical structure and that the lodme molecules are held length- 
mse withm the hehx 

There have been comparatively few quantitative studies of the spectimm 
of the complex In 1938 Hanes and Cattle (3) studied the relation of the 
color changes to the development of reduemg power dunng the hydrolysis 
of starch by different amylases They discussed at length the possible 
interpretations for the changes observed, and the relation of iodine color to 
structure as it was then regarded Simerl and Brownmg (4) and to a 
greater extent Kerr and Trubell (5) have studied the spectra of starch frac- 
tions 

In the present investigation the changes m the polysaccharide-iodme 
spectrum were studied during hydrolysis of amylose by vanous agents and 
dunng synthesis of polysaccharide by phosphorylase It was found that 
the hue of the complex is dependent only on the length of the unbranched 
chains of the polj’^saccharide Mxxtures of different polysacchandes show 
that each component has an additive effect on the production of the final 
color Changes in the spectrum dunng enzymatic hydrolysis gn e impor- 
tant information on the mode of action of the enzymes Consideration of 
the results of Hanes and Cattle m the light of the nevei knowledge of the 

* This IS ork was supported by a grant from the Corn Industries Research Founda- 
tion From the thesis presented bj M A Snanson to the Board of Graduate Studies, 
Washington Unit ersity , in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy 

t Present address, Department of Biochemistry , Bowman Gray School of Medi- 
cine, Winston Salem, North Carolina 
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pioperties of the staicli fi actions shows that oni lesults aie m complete 
agi cement with theiis 


EXPERIMENTAL 

Since salts have been observed qualitatively to affect the color, the con- 
centration of salts was kept as low as possible (about 0 001 m) and the ratio 
of polysaccharide to salt approximately constant The acid and enzymatic 
hydrolyses ivere earned out as desciibed in Papeis I and II For synthesis 
by means of phosphorylase a solution of an achioodextnn of Icnown average 
length was used as the activatoi At mteiwals, a drop was removed and 
tieated vath iodine When a coloi change was detectable, a measured 



Fig 1 The absoiption spectra of amylose and am 3 lopevi*n in the piesencc o 
iodine with no added iodide Upper curve, amylose, middle curie, amjlopectm 
lowest curve, iodine alone The polysaccharide is m excess 

sample was removed and the reaction was stopped with dilute sulfuric acid 
Aliquots of this solution were used for both phosphate determinations and 
spectrophotometric studies The final sulfuric acid concentration in all 
solutions used for study of the spectra tvas 0 01 n The observations were 
made in a Beckman spectrophotometer 

Effect of Iodine on Spectrum — Hanes and Cattle found that the color of 
the starch-iodine complex ivas added to that of the iodine alone We 
found this to be true even when the polysaccharide was in excess In Fig 1 
aie shoum the spectra of 10 mg pei cent solutions of amylose and amylo- 
pectin to which a saturated solution of iodine m water has been added 
The lowest curve is that of the iodine alone The excess of polysaccharide 
was so great that the intensity of the color was not at all changed by 
doubhng the concentration of the polysaccharide, but nevertheless the 
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small peak given by iodine at 450 m/i w as plainly visible in the curves foi 
the two polysacchandes 

^^^len iodide ion is added, this peak shifts towaid the ultraviolet and 
only a small portion of it is visible at nave-lengths longer than 400 
In Fig 2 are the spectra of 5 mg per cent amylose and amylopectm in the 
presence of 10 mg per cent iodine and 20 mg per cent potassium iodide 
The Ion est curv e is that of the lodine-iodide alone and is essentially the 
same as that found by Hanes and Cattle 

In Figs 3 and 4 are the spectra of various concentrations of amylose and 
amylopectm nhen the absorption due to the iodine has been deducted 
Here the density is proportional to the concentration of the polysacchande 



Fig 2 The absorption spectra of amylose and amjlopectm in the presence of 
lodine-iodide Upper cune, 5 mg per cent amylose, middle curve, 5 mg per cent 
amylopectm, lowest curve, 10 mg per cent iodine, 20 mg per cent potassium iodide 
The iodine is in excess 

Unless othennse specified, all obsenmtions reported were made in the 
presence of excess lodme-iodide and the absorption due to the lodme blank 
vas deducted from that observed for the polysacchande-iodine muxtures 
to obtain that due to the complex alone 
S-peclra of Starch Fractions — ^The amylose-iodme spectrum u as found to 
have a broad, symmetrical peak around a maximum at 650 mp (Fig 3) 
Amjdopectin formed a complex havmg a much feebler absorption with a 
peak at 540 mp (Fig 4) The prenously reported maxima for amylose 
■were at 600 to 620 mp This probably shows that the amylose fraction 
Mas not entirely freed of amylopectm, since the addition of amylopectm to 
amylose shifts the peak ton ard the shorter wax e-lengths This is shoM-n m 
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Fig. 5 where the curves obtained for soluble starch and a 1.4 amylose- 
amylopectin mixture are compared The middle curve is that obtained by 
adding independent cun'^es for the two fractions These cun'^es are all 
similar m general shape and location of the peak, and show that the effect 



Fig 3 The absorption spectra of the amylose-iodine complex, observed density 
minus density of the iodine blank Concentration of ainylose 5 and 2 5 mg per cent. 



Fig 4 The absorption spectra of the amylopectin-iodine complex, observed den- 
sity minus density of the blank From the top down the concentrations of amylo- 
pectin are 15, 10, 5, and 2 5 mg per cent 

of two differently staining polysaccharides is additive The shape of the 
starch cuiwe beyond 650 mp is similar enough to that of amylose to justify 
usmg the density at 660 mp as an approximate measuie of the amount of 
amylose in starch 
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Effects of Hydiohjsis — Random hydrolysis by acid shifts the peak of 
absoiption toiiaid the shoit end of the spectrum mainly by decreasmg 
absoiption m the longei nave-lengths (Fig 6) The topmost cui-ve m 
Fig 6 shows that, even though measmable i educing power had not ap- 



Fig 5 Absorption spectra of mi\tures of starch fractions Upper curve, soluble 
starch, middle curve, a composite of independent curves for amylose and amylopec- 
tin, marked X and Y in Figs 3 and 4 respectively, lowest curve, a mixture of amylose 
and amj lopeotin 1 4 



WAVE LENGTH 


Fig G Changes in the absorption spectra of amylose during hjdroljsis in 7 7 ^ 
UCl at 30° Progression from the top downward, corresponding to S, IS, 30, 60, 90, 
and 150 minutes of h} droljsis 

peaied in the solution (8 minutes m 7 7 n HCl at 30°), the absorption 
spectrum had alieadj been changed \Yhen a-amj lase v as the hj droly tic 
igcnt, the color shift v as similar to that m acid (Fig 7) The main differ- 
ence lies in the greater shift tomid the led in proportion to the decrease in 



830 


IODINE ABSORPTION SPECTRA 


the amount of color This probably indicates that enzyme hydiolysis is 
not completely landom, but that fragments of certain sizes aie preferen- 
tially removed (c/ Paper II) 

An entnely diffeientpictuie IS obtained with ^-amylase (Fig 8) Hanes 



Fig 7 Changes in absorption spectra of amylose during hydrolysis by a-amylase 
Progression from the top downward, corresponding to 30 per cent hydrolysis for the 
last curve 



Fig 8 Changes in absorption spectra of amylose during hydrolysis by /3-amylase 
Progression from the top donnnard, coi responding to 91 per cent hydrolysis for the 
last curve 

also found that under the influence of this enzyme the form of the cui-ve 
remained essentially that of the original starch This same effect was 
leported by Bourne, Macey, and Peat (6) in a slightly different fashion 
They found that the relation of the "blue value,” or absorption at G60 mp. 
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to reducing power was a straight line when amylose w'as the substrate 
The decline m the mtensit 5 ’’ of absorption w ithout any shift in the peak or 
change in the shape of the curve show’s that dunng action of /3-amylase the 
amount of amylose decreases wnthout the formation of any lodine-stammg 



Fig 9 Absorption spectra of anijlose, and amylose-erythrodextnn mixture 
Upper curve, 2 5 rag per cent amylose and 2 5 mg per cent dextrin, lower curve, 
2 5 mg per cent amjlose 



Fig 10 Changes in absorption spectra during degradation of am 3 lose bj potato 
phosphorj lase 

intermediates The addition of a led-purple staining dextnn to amylose 
actually shifted the peak (Fig 9) This show s that the intensity of color 
due to the amylose is not so great as to obscure completely the effect of the 
less intenselj staming material Potato phosphorylase also degrades 
amylose wnth no change in the spectrum (Fig 10) 
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Relation of Iodine Coloi to Cham Length — Fiom the lesults obtained ^vith 
hydiolyzed amylose it appeals that the coloi is i elated to the length of the 
chains In oidei to test this, a senes of molecules of knonm size is neces- 
sar 3 '' One way of obtaining these is through synthesis by means of phos- 
phoiylase If an achioodextrin solution with a known numbei of end- 
gioups IS used as activatoi, the size of the S3’'nthetic polysacchaiide can be 
calculated fiom the moiganic phosphate libeiated, as shomi m Tables I and 
II This gives a minimum value since it involves the assumption that the 
added units are distiibuted unifoimly among the dextiiii end-gioups, which 
may not be stiictly coirect because some of the dextims may be too small 
to activate 


Table I 

Cham Lengths of Synthehc Polysacchandcs 
Activating dextrin piepared bj'’ acid hydrolysis of jS-Schardinger dextrin Con- 
centration of end-groups in activating dextrin = 1 1 X 10~'* M, glucosc-1 -phosphate 
(initial concentration) = 1 9 X 10'- m The curves for the absorption spectra corre- 
sponding to each chain length are shown in Fig 11 


Time 

Phosphate liberated 

Total chain 
lengths 

Visual color wth iodine 

Absorption 

peal 

mtt 

1 

per cent total 

0 

V X m 

0 

3 8 

None 

titfi 

5 

2 1 

0 4 

7 4 

Faint red 


9 

5 3 

1 0 

12 9 

Red 


13 5 

8 4 

1 6 

18 3 

Lavender 


18 

9 5 

1 8 

20 2 

Purple 


25 5 

14 7 

2 S 

29 3 

Blue-purple 

580 

32 

17 9 

3 4 

34 7 

Blue 


60 

30 0 

5 7 

55 6 

( ( 


135 

54 2 

10 3 

97 4 

(( 


360 

82 6 

15 7 

146 5 

tt 



The similarity between the cuives found dm mg S 3 mthesis (Fig 11) 
and m leveise oidei dm mg acid hydiol 3 '^sis (Fig 6) is stiikmg In both 
cases the absoiption peaks show a shift fiom 520 to 600 my, and hence the 
same intei mediate coloi s aie tiaveised as the reaction pi ogi esses, fiom red 
to blue as the chains aie lengthened by synthesis and fiom blue to led as 
they aie shoitened by h 3 'drolysis In Fig 12 the polysacchaiide is in ex- 
cess lelative to the iodine and theie was no added iodide, so that these 
curves are compaiable to those m Fig 1 Again theie was a shift in the 
colors fiom led to blue, and the absorption cmves lesembled more and 
more that of amylose as the chains nere lengthened b 3 '^ synthesis 

In the aboA'^e expenmen ts vitli linear pobuneis the chain length appears 
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to be the mam factor influencing the hue of the lodme complex The data 
of Tables I and II show that no visible colors are formed by chains up to 
7 umts long, red color by chains of 8 to 13 units, and blue color by chains 

Tablb II 

Chain Lengths of Synthetic Polysaccharide 
Concentration of end-groups in activating dextrin = 4 2 X 10^ m, glucose-1- 
phosphate (initial concentration) = 2 66 X lO"* m The curves for the absorption 
spectra corresponding to each chain length are shown in Fig 12 In contrast to the 
experiments in Fig 11, no iodide was added and the polysaccharide was in excess 
relative to iodine 


Time 

Phosphate liberated 

Total chain 
leD£th 

Visual color with iodine 

Absorption 

peaL 

vttn 

per cent total 

u X 10' 

1 


mfi 

1 

3 0 

0 8 

5 7 

None 


10 

10 2 

2 7 

10 2 

Red 

520 

15 

15 0 

4 0 

13 3 

Lavender 

540 

25 

22 6 

6 0 

18 1 

it 

560 

35 

27 4 

7 3 

21 2 

Purple 

580 

45 

34 2 

9 1 

25 5 ! 

Blue-purple 

580 

95 

46 2 

12 3 

33 1 

Blue 

600 

135 

53 0 

14 1 

37 4 

(I 

600 

240 

54 5 

14 5 

38 3 

l( 

600 

480 

75 9 

20 2 

51 9 


600 



Fig 11 Changes m absorption spectra during sjmthesis of the polj saccharide bj 
potato phosphorjlaso Progression from the bottom upward For experimental 
details see Table I 

OX er 30 umts Tlie relationslup xvas checked by using solutions of amx lose 
xvlnch had been partially hydrolyzed bj-- a-amylase The samples xxere 
dialyzed against large xmlumes of xvater to remox^e the x erj' short chains, 
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then the chain lengths weie detei mined from the reducing power as be- 
fore Three dialyzed solutions which stained led aveiaged 11 db 0 5 units 
long, three that stained lavendei were 21 rh 0 1 units long End-group 
analysis of several dextrms has also shown that red iodine colors are 
formed by dextrins 8 to 12 units long (7) 

The iodine colois can also be used to indicate the dialyzabihty of the 
dextnns Some led staining chains foimed by the hydiolysis of amylose 
can be dialyzed away in 20 hours (see Papei II, Table II) , these had an 
average chain length of 8 units Since led staining chains averaging 11 
units weie letained, the limit of dialyzabihty with the cellophane mem- 



Fig 12 Changes in absorption spectra duiing synthesis of polysaccharide by 
potato phosphorylase No iodide is present, and the polj saccharide is in excess 
The dotted line is that of aniylopectm represented in Fig 1 For experimental de- 
tails see Table II 

branes used (Visking Coiporation, NoJa\) appears to be between 8 and 
11 units 

The question aiises nhethei the iodine coloi can be used as an index of 
the length of the segments in blanched polysacchaiides such as amylo- 
pectin In the past, dependence of the color solely on the chain length has 
been doubted because mateiials weie found having the same end-gioup 
assay, yet shoving videly difteient colois Two such cases aie cited by 
Hdne^ and Cattle (3) A led staining non-ietiograding dextiin w'as pre- 
paied by Hawoith, Hast, and Plant (7) by degrading staich in hot glyc- 
erol Aftei caieful fiactionation thiee methods of analysis showed it to 
be relatively homogeneous, and to aveiage 11 to 12 units long On the 
other hand, a-amylode\trin, which stains purple and letrogrades from 
solution, W'as also found by Haworth, Hirst, Kitchen, and Peat (8) to 
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average 11 to 12 units The amylodextnn vas piepared by the action of 
(S-amylase on unfractionated staich, and our present kno\^ ledge of the 
properties of the starch fractions and the action of ^-amylase suggests that 
some undegiaded amylose contaminated the limit dextrin and caused the 
blueness of the coloi as veil as the tendency to retrogiade This can be 
demonstrated nith purified fractions In Fig 13 aie shovm the spectra 
of amylopectin and amylose-amylopectin mixtures vinch had been treated 
with /3-amylase until the reducing powei showed no increase for 2 hours 
The pure amylopectin limit dextrin had a red iodine color correspondmg 
to a chain length of 10 units The mixtuie contaimng amylose was dis- 
tinctly lavender, and the cunes show this to be due to the mcrease in 
absoiption in the longei ware-lengths, which is as much as that expected 
from the curve m Fig 8 corresponding to the same time of digestion (the 
third cunm from the bottom) 



WAVE LENGTH 

Fig 13 Absorption spectra of amylopectin (lower curve) and amylose amylopec- 
tin mixture 1 4 (upper curve), both digested with/? amylase 

Relahoyi of Iodine Color lo Structure of Branched Polysaccharides — The 
curve for amylopectin in Fig 1 almost exactly corresponds to that of the 
14 unit polj'^sacchande in Fig 12, m order to show this, the curve for amy- 
lopectin has been supenmposed and represented by a dotted line This, 
however, does not mean that 14 is the longest chain which occurs m amy- 
lopectin, since shorter chams would redden the color The limit dextrin 
of amylopectin has a color corresponding to a 10 unit chain This agrees 
well with data obtamed from activation experiments (Paper III) showing 
that some of the inner segments are that long It was hoped that mrx- 
tures of limit dextnn with synthetic polysaccharides of different chain 
lengths w ould give some information on the lengths of the outer branches 
of amylopectin The cunms are shown m Fig 14 The shape of the cun e 
for amylopectin differs from that of the mixtures at the shorter waie- 
length, but from the location of the peaks and the absorption at longer 




836 


IODINE ABSOKPTION SPECTRA 


wave-lengths it may be estimated that the outei branches of amylopectm 
are close to 18 umts JN'Ieyei (9) has estimated them to be 15 to 18 units 
on the basis of expeiiments with degradation by /3-amylase 
It seems probable that the bianch point effectively limits the length of 
the chain in foimmg the iodine complex It is unknomi whethei blanch- 
ing has any other influence on the coloi foimed Howevei, the results 
with amylopectm encouiage the application of the same method to glyco- 
gen The absorption curve of the glycogen-iodine complex lesembles that 
of a dextrin about 8 to 9 units long The limit dextiin has a veiy faint led 
coloration, suggesting that theie are a few innei segments at least 8 units 
long Again, this is in agieement with the data fiom the activation ex- 
penments 



500 600 700 800 
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Fig 14 Absorption spectra of mixtures of amjlopcctin limit dextiin with sin- 
thetic polysaccharides Average chain length of the synthetic matei lals from the top 
downward, 29, 20, 18 glucose units The dotted line, amylopectm 

SUMMARY 

The iodine complexes of amylose, amylopectm, and glycogen have been 
studied vuth the aid of a spectrophotometei From changes in the spectra, 
which are the same but occui m reverse oidei during acid liydiolysis and 
enzj’^matic synthesis of amylose, it is concluded that the hue formed is 
mainly dependent on the length of the chain Chains fi om 4 to 6 glucose 
units long gne no iodine colois, those fiom 8 to 12 units gne a led coloi 
with a peak at 520 mp, followed by tiansitional colois until a length ot 
30 to 35 units is reached, when the iodine coloi becomes blue mth a peak 
at 600 mp Chains as long as 50 to 150 units have been foimed by the 
synthesizing action of potato phosphoiylase, and these give absoiption 
spectra closely lesembhng those of amylose This lelationship between 
chain length and iodine coloi has been applied to the blanched polysac- 
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chandes It is estimated that am 5 dopectm has some inner branches as 
long as 10 units, as shouai bj the absorption cune of its limit dextrin, 
while gtycogen contains some mnei branches as long as 8 umts From the 
absorption cuiwe of a mixtuie of amylopectm limit dextrin with synthetic 
polysaccharides of knoi\ n chain length, the outer branches of amylopectm 
are estimated to be about 18 umts long 
Hydrolysis of amylose by a-amylase gives changes in the absorption 
cun'es from blue to red similar to those produced by acid, although there 
IS some indication that the enzymatic hj’^drolysis is not completely ran- 
dom During hydrolysis of amylose by /3-amylase the height of the curve 
steadily decreases, but there is no shift m the peak from 650 m/i The 
interpretation seems to be that 0-amylase degrades 1 whole molecule com- 
pletely before attacking another, so that few if any mtermediate red stam- 
ing dextnns are present in the reaction mixture at any one time The 
same behanor has been obsen^ed when amylose is degraded by potato 
phosphorylase 
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COUNTER-CURRENT DISTRIBUTION OF GRAMICIDIN 


Sits 


As a prebminary m the attempt to extend the method of counter-current 
distnbution to the higher peptides, ive have made a preliminary study of 
several preparations of crystallme gramicidin * - The figure is a repre- 
sentative result (1 gm of substance, 100 tiansfers mth alternate vdth- 
drawal’ m a 54 tube machme, system made from 7, 23, 15, and 15 volumes 
respectively of v ater, methanol, chloroform, and benzene ) 



10 20 30 -50 £0 60 TO 80 90 lOO 
Ka of tube 


A theoretical curve^ (Curve 2) was fitted to one side of the major com- 
ponent The result vould appear to mdicate that at least part of the 
major band had been separated as a pure component Redistnbution of 
the material in Tubes 46 and 47 ga\e essentially a theoietical curve 

When crystalhzed from acetone. Fractions 26 to 34 combmed gave rods 
■which melted on the hot stage at 258-259°, Fractions 40 to 50 gave thm 

* Hotchkiss, R D , and Dubos, R J , J Biol Clicm , 141, loo (1941) 

* Preparation kindlj supplied bj the Wallerstem Laboratones 

’ Craig, L C , Hogeboom, G H , Carpenter, F H , and du Vigneaud, V , J Btol 
Chem , 168, 665 (1917) 

* Williamson, B , and Craig, L C , / Bwl Chem , 168, 6S7 (1947) 
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leaves melting at 227-228° The fiist component, which was less soluble 
m organic solvents, will be called giamicidm B The lowei melting com- 
ponent will be called gramicidin A None of the fi actions occuriing m the 
tubes to the right of the A band ciystallizcd shaiply The distnbution 
pattern indicated that all of these tubes contained mixtuies At least two 
components othei than A and B aie indicated 
Analytically the vaiious fi actions weie similai All gave absoiptioii 
spectra chaiacteiistic of tiyptophan m the legion of the ultiaviolet, but 
with quantitative differences Giamicidm A appaiently contains the 
greatest percentage of tijqitophan, vith B contammg approximately 85 
per cent as much The other fractions contained still less tiyptophan 
Hydiotytic expel iments and paper strip chiomatogiaphic analysis^ have 
shown gramicidin A and B to contain glycine, alanine, valine, leucine, and 
tryptophan, but the fi actions to the far light of the pattern appaiently 
contain a small percentage of a band coiiespondmg to tyiosuie 

The Rockefeller Institute for Mcdxtal Rcscmch T Dei, afield Grfgobi 

New York Liman C Craig 

Received foi publication, yovcnibci 20, 1917 
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INFLUENCE OF a-P ARTICLES ON THE IMMUNOLOGICAL 
PROPERTY OF ANTIGEN FILMS 


Sirs 

In t\\ o pie\ lous notes * it \\ as sliowm that enzjTnes could act on films of 
antigen at a distance in spite of intei vemng blankets of inert matenal In 
the course of the work, ^\luch is to appear shortly, some very interesting 
facts concerning the action of a-particles on antigemc films vieie obseiwed 
v\ hich hav^e a bearing on long lange forces It was observed that one mono- 
layer of bovine albumin subjected to bombardment by a-particles from a 
polonium source (5 milhcuries pei sq cm ) would completely lose m less 
than 20 minutes its property of combimng wuth homologous antibody It 
took 45 minutes, how evei , to mactivate one double layer, and 135 mmutes 
w^ere not sufficient to inactivate three double layers or six monolayers 
Since the relative loss of eneigy of a-particles in gomg through a few layers 
of proteins (8 A per layer) is negligible, it must be concluded that the 
amount of energj'- lequued to inactivate multilayers is much larger than 
that required to inactiv ate a single lajmr The loss of the ability of the 
films to react with homologous antibody folloiving the bombardment with 
a-particles may be interpreted as due to a rearrangement of groups in the 
protem molecules If the layei of protein is directly exposed to the a- 
particles, rearrangement can occm much more readily than if it is covered 
by other layers which hmder rearrangement The degree of freedom of 
imderlymg layers is more restricted than that of the top la 3 ’'er, hence the 
greater stabihty of multilayers It was found that thm blankets of Form- 
v^ar, or heterologous protein, acted as good protectors against mactivation 
by a-particles, protein films bemg defimtely better protectors than Formvar 
films One monolayer of bovone albumm coated with one monolaj'-er of 
egg albumm kept its immunological reactivity intact following a 20 mmute 
irradiation The thickness of the layer of antibodj' specifically adsorbed 
on SIX monolayers of bovine albumin was about 40 A after a 2 hour irradia- 
tion compared to 180 A without irradiation But, if a blanket of Formvmr 
100 A thick wms deposited on the laj^ers before a-particle bombardment, 
the thickness of the antibodj’’ lajer adsorbed after removmg the blanket 
was not 40 A but 80 A If slx deposited up lajers (I) of bovune albumin 
cov ered v\ ith a blanket of Formv ar 80 A thick are irradiated for 2 hours, 
they completely lose then capacity for reacting wuth antibodj’’ through the 
ilanhel If, how ev^er, the blanket is remov ed before antiserum treatment, 
100 A of antibodj' can still be adsorbed It was found^ that without ir- 

» Rothen, V , J Bwl Chem , 163, 345 (1940), 167, 299 (19471 

' RoUien, V , J Biol Chem , 168, 75 (1947) 
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radiation six up layers of bovine albumin can adsoib 100 A of antibody 
when they are covered with an 80 A Formvar blanket, and 180 A of anti- 
body if theie IS no blanket In othei woids, followmg irradiation, a system 
of SIX up layers is found to have lost its capacity to react thiough 80 A of 
Formvar, although it can still adsoib a laige thickness of antibody when 
the blanlcet has been removed It can also be seen that this change cannot 
be inteipieted simply as the inactivation of the one oi two topmost layeis, 
leaving the othei layers unalteied foi the following reasons (1) A system 
of two double layeis of bovme albumin can adsoib 50 A of antibody ivhen 
covered with a Formvar blanket 80 A thick, and 100 A when theie is no 
blanket (2) A system of one double layer or even one monolayei can 
still adsoib a measurable amount of antibody in spite of a blanket 80 A 
thick 

Consequently an madiated system of six up layeis does not behave as 
if it consisted of a sum of individual active and inactivated layei’S Bom- 
baidment with a-pai tides abolishes fiist the long lange leactmty of the 
system This might be understood m the sense that the degiee of coopera- 
tion between the molecules of each layei and between the layers themselves 
IS disrupted by the bombaidment These experiments thus bung new 
evidence foi specific long lange forces between macro molecules, and they 
also open a new vista on the action of a-pai tides on biological systems 

Laboratories of The Rockcfellc) Institute Alexandre Rothen 

for Medical Research 
New York 
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GROWTH-PROMOTING ACTIVITY OF GUANINE FOR THE 
PURINE-DEFICIENT NEUROSPORA 28610* 


Sirs 

Analyses of nbonucleic acid for adenme mth the adenme-deficient 
Neurospora mutant 28610 have given values about tmce as large as those 
expected from the tetranucleotide theory * - Inasmuch as guamne and 
the pjTimidine components of nbonucleic acid showed no growth-promotmg 
activity for this mutant, the conclusion seemed justified either that the 
amount of adenme m nbonucleic acid was larger than the commonly ac- 
cepted value or that another gron th-promoting compound, possibly hypo- 
xanthme, was present We have now found that, although this mutant 
i\ill not grow on basal medium supplemented with guamne alone, mixtures 
of adenme and guamne produce more growth than that expected from the 
amount of ademne used 

Guamne v as utihzed as efficiently foi grow th as adenme promded the 
molar ratio of guamne to ademne did not exceed 0 6 As this ratio was 
increased beyond 0 6, however, guamne w as less efficientlj utihzed Over 
the range from 0 6 to 1 5 equivalents of guamne per eqmvalent of adenme 
the effect was relatively constant, givmg an amount of growth corregiond- 
mg to about 1 7 times the true ademne value When 2 to 3 times as much 
guamne as ademne w as used, the adenme i alue for growth w as approxi- 
mately twice that expected from the ademne present The results of a 
typical experiment in w hich the amount of ademne used m 25 ml of basal 
medium w as 0 1 mg and the molai ratio of guamne to ademne w as \ aried 
from 0 to 3 are gii en m the atcompanjung table 
It is emdent from these expenraents that this mutant stram cannot be 
used for adenme assa} without quahfication if both adenme and guamne 
are present As the grow th response is additn e w hen the eqm\ alent ratio of 
guamne to adenme is 0 6 or less, the amoimt of ademne present can be 
estimated under these conditions from the amount of growth obtamed 
An mdependent method must be used, how ex er, to detemune the amount 
of guamne present, and to show that the amount is less than one-third of 
the total adenme value indicated by the mold 
The supplementaiy growth effect of guamne for mutant 28610 accounts 
m part for the high adenine x alues found prex lously for samples of nbo- 

* Aided bx a gr int from the Rockefeller Foundation 

'Mitchell, H K , and Houlahan, M B , Federation Proc , 3, 370 (1946) 

' Lonng, H S , Orduax, G L , Roll P M and Pierce J G Federation Proc , 
6, 510 (1947) 
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nucleic acid by mold assay ^ ^ As the ratio of guanine to adenine m these 
samples is not within the optimum range for more piecise ademne deter- 
mmations, the amount of ademne m nucleic acid cannot be leadily detei- 
mmed by tins method 

The fact that the Neurospora mutant 28610 utilizes guanme for giowth 
only when ademne is also present indicates that this mold is deficient in 


Growth-Pi omohng Activity of Guanine in Presence of 0 1 Mg of Adenine 


Guanine added 

Growth of mold 

Growth as ademne 

Growth (as adenme) 
Adenme present 

equivalents 

fllg 

1 mg 

; 

0 

11 1 

\ 0 098 

0 98 

0 25 

13 8 

! 0 127 

1 27 

0 50 

16 2 

0 153 

1 53 

0 75 

17 5 

0 168 

1 68 

1 00 

17 0 

0 161 

1 61 

1 25 

17 8 

0 170 

1 70 

1 50 

17 3 

0 165 

1 65 

2 00 

20 5 

0 205 

2 05 

3 00 

19 1 

0 196 

1 96 


the abihty to synthesize guamne as well as ademne When ademne alone is 
available foi gi owth, it appears likely that it is m pai t convei ted to guanine 
As shown by Brown et al^ with adenme contaimng isotopic mtiogen, the 
white rat converts adenme in the diet to nucleic acid giianine The uti- 
lization of ademne for guanine synthesis by Nemospoia as well indicates a 
more ivide-spiead significance foi this conversion m puime biosynthesis 

Depai tment of Chemisti y and the School of Medicine Hubert S Loring 

Stanford University James L Fairley, Jr 

California 

Received for pubheation, Decembei 22, 1947 
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THE RE'S^RSAL OF THE BACTERIOSTATIC ACTION OF 
STREPTOMYCIN BY UREA 


Sirs 

The bactenostatic effect of streptomj’-cm on E coh and 11/ tuberculosis 
607 and H37RV can be antagonized bj’’ a number of piumes and pyrimi- 
dines These include \anthme, imc acid, allantom, alloxan, and parabamc 
acid It seemed possible that these compounds might give rise to urea 
If such u ere the case, urea should antagomze the effect of streptomycm and 
the effect should be demonstrable sooner than vhen the urea precursors 
are used These two conditions n ere fulfilled and the table shows the reversal 

Reversal of Baclertoslaiic Action of Streptomycin by Urea 


Density* at 48 hrs (i/ 607 in Tween medium) 


Streptom> cm cod* 
centxabOD micro- 

Urea concentrabon mg per cent 

grams per cent 

0 

3 1 

62 

12 5 

25 

50 

100 

100 

0 

0 

0 

2 4 

7 9 

8 5 

9 06 

50 

0 

0 

2 4 

8 0 

9 1 

9 6 

9 6 

10 

0 5 







5 

6 4 







1 

9 1 







0 

9 6 


1 

S 5 

9 3 

9 1 

1 9 0 


* Densitj = (2 - log T) X 100 


of the streptomycm inhibition by urea on the grov th of M tuberculosis 607 
Streptomycm HCl (Merck) vas used and the orgamsms grovn m 10 cc 
of Tween medium^ without albumm Tubes v ere moculated mth 0 5 cc 
of a 1 20 dilution of a 6 day-old culture giov n m the same medium Tur- 
bidities were read m the Evelyn photoelectric colorimeter vuth a No 420 
filter 

If asparagine m the Tween medium is replaced by 0 1 per cent urea as 
the mtrogen source, 700 micrograms per cent of streptomycm are reqmred 
to inhibit growth completely, whereas 25 micrograms per cent produce this 
effect m the asparagme medium Durmg grovth urea disappears and, 
smee these bacteria apparently contain no urease, urea may be used as 
such for s 3 ’xithesis of punne and pjTimidmes needed bj the organism 
Thiourea wall not reverse the streptomj'cm inhibition and is itself bacteno- 
static in concentrations of 50 to 100 mg per cent 

' Dubos, R J , et al , Am Rev Tuhcrc , 64, 204 (1946) 
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Sraulai results weie obtained i\ ith E coh (American Type Culture Collec- 
tion, No 6522) grown on a synthetic medium = Pielimmaiy results ivith 
M t^ihercubsis H37RV mdicate that the same mechanism may occur m 
these orgamsms as well 

Department of Physiologii and Phai inacoloqy Robiut J PiTzaBHAip 

DuLe Umvcrsily School of Medicine Frederick Bernhiui 

Durham, North Carolina 

Received for publication, January 2, 104S 

2 Kolin, H I , and Hains J S , J Phannatol and Exp Thcrap , 73, 343 (1341) 




INTRACELLULAR STRUCTURES AND THE FATTY ACID 
OXIDASE SYSTEM OF RAT LIVER 


Strs 

In an earlier investigation it was shown that enzymatic oxidation of 
octanoate occmved in sahne suspensions of washed particulate matter 
separated from sahne homogenates of rat hver by centrifugation, when 
these were supplemented w ith adenosme tnphosphate and Mg^^- ^ These 
preparations also catalyze the reactions of the Krebs tricarboxyhc acid 
cycle Further study of the properties of the enzyme complex has revealed 
that the oxidation of octanoate requires the presence of C3i;ochrome c, 

Fatly Acid Oxidase Activity of Snbcellular Fractions 
Warburg vessels contained final concentrations of 0 0005 st ATP, 0 005 m MgSOi, 
0 05 M KCl, 1 X 10“* M cj tochrome c, 0 01 m phosphate buffer, pH 7 4,0 0005 m l- 
malate, and 0 001 m octanoate or water, 0 90 ml of water suspensions of fractions 
indicated, and water to make 5 0 ml T — 30°, time, 1 0 houi Data in micromoles 


Enzyme source 

Octanoate 

0 uptake 1 

Octanoate 

removed 

Acetoacc 
tate formed 

Saline washed particles 

— 

3 1 


0 1 


-1- 

13 6 

4 9 

7 9 

Mitoohondna 

- 

3 3 


0 1 


+ 

15 4 

5 0 

6 9 

Nuclei 

+ 

1 5 


0 1 

Microsomes 

+ 

2 8 


0 1 

Mitochondria from saline-washed particles 

- 

1 7 


0 2 


+ 

14 9 

5 0 

6 1 


inorgamc phosphate, certam neutral salts such as NaCl, KCl (or certain 
nonelectrolytes such as sucrose), and catalytic amounts of malate or ox- 
alacetate, m addition to adenine nucleotide and Mg++ - ® 

The behavioi of the enzyme pieparations toward w'ater and solutions of 
salts or non-electrolytes suggested that the activity w as dependent on the 
mtegnty of some orgamzed mtracellulai structure present m the prepara- 
tions Accordmgly, we have exammed the fatty acid oxidase activity of 
various particulate fractions such as nuclei, “large granules,” microsomes, 
etc , which are separable from rat hver homogenates bj’’ differential centn- 
fugation We have found that all of the demonstrable fatty acid oxidase 
activity of rat liver can be recovered m that fraction of 30 per cent sucrose 

Lchninger, A L , y Biol Chem , 161, 437 (1945) 

■ Lehninger, A L , and Kenned} , E P , unpublished w ork 
’ Potter, V R , y Biol Chem , 163, 437 (1940 
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homogenates of lat hvei stated by Hogeboom ct al ‘‘ to consist of morpholog- 
ically intact mitochondiia, fiec of extianeous inti acellular elements No 
activity could be detected m othei fi actions Typical data are shown in 
the table These piepaiations also catalyze leactions of the Krebs cycle 
ivith coupled phosphorylations 

Since these findings suggested that the saline-i\ ashed mateiial pieviously 
studied^ contained mitochondiia, such a piepaiation vas subjected to the 
same pioceduie used for the isolation of mitochondria fiom whole livei 
The material lecovered appealed to be identical with mitochondiia ob- 
tained from whole liver and was highly active, as the data in the table 
show 

The localization of such highly integiated enzyme systems m oiganized 
inti acellular elements is not only of cytochemical inteiestbut poses ceitain 
problems in the fuithei study of the mechanism of these oxidations 

Departments of Biochemislrij and Siugei y Eugene P Kennbdi 

Umveisity of Chicago \iiBERT L Lehningfr 

Chicago 

Received for publication, Decenibei 20, 1947 

* Hogeboom, G H , Sclineidci , W C , and PilKdo, G E , P )06 Soc Exp Biol 
and Med , 66, 320 (1947) 




THE ANTAGONISM OF ANTIBACTERIAL ACTION OF ATABRINE 
Sirs 

Naturally occurring polyamines and seveial B ■ntamins can partially 
antagomze tlie inhibitorj'' effects of atabrme in the gronth of Escherichia 
coll ' - It was indicated that natural materials contam a substance or 
substances capable of completely negating the inhibitory effects of atabrme ^ 



Atabnne concentration per tube 

Addition 

“ i 

1 0 S mg 

0 75 mg 


1 Time required lor visible growth 

None 

hrs 

4 5 

hrs 

44 

hrs 

>48 

20 mg Bacto peptone* 

4 5 

20 

>48 

5 “ enzymic lactalbuminf 

4 5 

4 5 

6 0 

10 “ .< » f 1 

4 5 

4 5 

4 5 

0 2" “ “ ash cquiv alent to 5 mg 1 

4 5 

■ 4 5 

6 5 

onginal material ! 

1 

1 


0 4mg enzymic lactalbumin, ash equivalent to 10 mg 

1 ^ 

4 5 

5 5 

original matenal 


1 1 


0 2 mg CaCl (0 72 2 7 Ca) 

4 5 '' 

50 ! 

0 5 

0 4“ “ (0 144 4 “ " ) 

4 5 , 

4 5 

4 5 

0 2“ MgCL (0 51 1 “ Mg) ' 

4 5 1 

50 

7 5 

0 4“ “ (0 102 2 “ “ ) 1 

4 5 1 

45 ! 

6 0 

0 4 “ NaCl 

14 5' 

44 

>48 

0 4“ KH.PO< 

45 ! 

i 40 

>48 


Basal medium, Bacto-peptone 1 per cent, NaCl 0 6 per cent, glucose 0 2 per cent , 
volume 5 0 ml , initial pH after additions 7 45, incubation temperature, 30°, inoc 
ulum, 1 drop of 24 hour broth culture of C co/i diluted 1 1000, ash content of enzv mic 
lactalbumin 4 per cent, all salts Mallinckrodt, reagent grade 
* Contains 0 2 7 per mg of Ca, 0 0 7 per mg of Mg 
t Contains 12 1 7 per mg ofCa,2 0 7 per mg of Mg 

This studj'’ has recentlj'" been resumed, and m a surve 3 ’’ of natural ma- 
terials for the occurrence of atabnne antagomsts, lugh actmtj' w as found 
in a sample of enzjmiatically digested lactalbumm ’ The activ ity of this 
matenal v\ as not destroyed by prolonged autocHv mg at pH 3 0 or 9 0 
At the suggestion of Dr John C Keresztesj' of this laboratorj', a portion 
of it u as ashed The greater pai t, if not all, of the activ itv- has been found 
m the ash The results are show n in the table 

' Silvcrmin, M , and Lvnns L Jr J Biol Chon 164 , 521 (1944) 

'Miller, V K , and Peters, I , Arch Bioc/icm , 6 , 2^^1 (1945' 

•Lactalbumin hvdrolv'ale (enzvmic), Xutntioml Biochcinicals Corporation 

849 



850 


LErrERS TO THE EDITORS 


Inasmuch as calcium as CaCh effectively antagotuzes the growth in- 
hibition of atabrine, it appeals that the activity of the enzymic lactalbumin 
and its ash, under the indicated expeiimental conditions, is laigely due to 
its high calcium content Magnesium as the chloiide is about as effective 
as calcium 

Under the giowth conditions desciibed, calcium will also antagomze the 
giowth inhibition of E coh by the cyamne dye, l,l'-dimethyl-2,2'-cyaiune 
chloiide ^ 

Division of Physiology Milton Silverman 

National Institute of Health 
Bethesda, Maryland 

llcceived foi publication, December 19, 1947 


Paike, Davis and Compiny, Eastman Kodak Company 



AN IN VIVO EFFECT OF PTEROYLGLUTAAIIC ACID UPON 
TYROSINE METABOLISM IN THE SCORBUTIC 
GUINEA PIG 


Sits 

Phenobc compounds are increased m the unne of patients with imtreated 
permcious anemia* and hver suspensions from pteroylglutamic acid-de- 
ficient rats are better able to oxidize tyrosme aftei the addition of PGA ^ 
These observations led us to study the effect of this vitamin upon the 
metabohsm of tyrosme in the scorbutic gumea pig ® 


Agent 

Daily 

dose 

Unnary excre- 
tion* 

Successive days 

Pretreatmeat 

Treatment 

Post treatment 

-2 

-1 

1 

2 

3 

4 

5 

6 

7 


mg 











Ascorbic 

10 

“Tyrosjl” 

59 8 

46 1 

15 3 

7 5 

3 4 

4 4 

3 9 

21 1 

43 9 

acidf 


Keto acid 

34 5 

22 0 

■ail 

0 6 

0 2 

0 2 

0 1 

7 2 

25 2 

PGA 

15 

■•Tyrosyl” 

67 7 

65 4 

58 9 

10 7 

5 8 

7 9 

5 6 

5 1 

51 7 



Keto acid 

mm 

24 3 

31 4 

3 3 

0 5 

0 6 

0 3 

0 8 

28 2 

t( 

15 

“Tyrosyl” 

65 5 

63 5 

64 6 

23 9 

5 6 

5 1 

6 2 

12 6 

44 7 



Keto acid 

36 8 

25 9 

35 7 

19 0 

0 2 

0 1 

0 1 

4 7 

23 9 

ti 

5 

“Tjrosyl” 


31 8 

57 8 

32 2 

4 1 

10 3 

32 6 

26 3 

32 0 



Keto acid 


11 6 

gRlil 

14 6 

0 1 

2 4 

14 9 

[EE 

15 0 

It 

5 

“TyrosjV 

75 5 

94 5 

83 0 

41 2 

61 5 

60 3 

52 4 

49 1 

64 6 



Keto acid 

47 3 

42 8 

48 9 

23 0 

26 0 

27 2 

25 3 

22 1 



* “Tyrosil” i\as measured as tjTOsme, and koto acids were measured as phenil- 
pjruvic acid < Both are expressed as per cent of added rosine ingested 
t Average of data on three guinea pigs 


Albmo giunea pigs of both sexes, 150 to 350 gm m v eight, v ere fed a 
scorbutigemc dieU to which had been added 5 per cent ir-t 3 Tosine Tlie 
24 hour unnary excretion of tyiosyl dematives^ and keto acids'’ v as deter- 
mmed After stabihzation of the excretion of these metabohtes at ab- 
normally high levels, PGA or ascorbic acid was gix en orally for 4 consecutive 

'Swendseid, M E , Burton, I F and Bethcll, F H , Proc Soc Exp Biol and 
Med , 62, 202 (1943) 

* Rodney, G ,Swcndseid,M E , and Swanson, 4 h ,J Biol Chem ,168,396 f 1947) 

* Sealock, R R , and Silberstcin, H E , J Bwl Chem , 135, 251 (1940) 

■* Darby, iv J,I)eMeio,R H , Bernhcim, L C , and Rernheim, F , J" Biol Chem, 
168. 67 (1945) 

‘ Pohn, O , and Ciocalteu, V , J Biol Chem , 73, 627 (1927) 

* Fnedemann, T E , and Haugen, G E ,J Biol Chem , 147, 415 (1943) 

851 


















852 


LETTERS TO THE EDITORS 


days During the e\penmental peiiod the food intakes of the animals in 
the several gioups iveie compaiable Results of one set of experiments 
are tabulated in the table The deciease m excietion has been observed 
in ten successive cuiative attempts The poorest result observed is in- 
cluded in the table In tv o additional gi oups of guinea pigs on the same 
diet 5 mg of PGA subcutaneously oi 10 mg of ascoibic acid oially ivere 
admimstered 3 times a week in ordei to test whethei the defect could be 
prevented From the 5th to the 26th day on the diet, which afforded an 
average daily intake of about 450 mg of tyiosine, 24 hour collections of 
mine weie made at intervals of 4 to 7 days In the contiol group the ex- 
cretion of "tyiosyl” and keto acid was 45 and 21 pei cent of added tyrosine 
respectively, the corresponding values m the gioup leceiving ascoibic acid 
were 8 2 and 1 6 per cent, and m the group receiving PGA they were 19 8 
and 5 4 per cent 

This defect in tyrosme metabohsm is influenced by either PGA or ascorbic 
acid 

DepaiUncni of Pediaincs and Divisioii of Nutrilioy] of the Calvin W Woodruff 
Departments of Biochemistry and Medicine AVilliam J Darbi 

Vanderbilt University School of Medicine 
Nashville 


Received for publication, Deccmbei 29, 1947 



URIC ACID DIABETES 


Sirs 

Diabetogenic closes of alloxan 1oa\ er blood reduced glutathione levels in 
rats from an ax erage of 43 to 25 mg per 100 gm of blood ^ Ninhydnn, 
though non-chabetogenic,- also lowers blood glutathione to verj’’ low levels ' 
These obserxmtions suggested that unc acid, paienterally admimsteied, 
might exert a diabetogemc action if blood i educed glutathione were low- 
ered before injection This has been tested by feeding adult rabbits the 
methiomne- and cystme-deficient diet descnbed by Haag and Wnght,® 



Flo 1 Curve a\ erage response of four metliioninc- and cxstinc deficient rab 
bits to an intraperitoneal injection of 1 gm per kilo of unc acid Curve B, average 
response of three normal rabbits to an intravenous injection of 200 mg per kilo of 
alloxan monohydrate Curve C, average response of four rabbits on the deficient 
diet, but given a methiomne supplement, to an mtrapentoneal injection of 1 gm 
per kilo of uric acid Curve D, blood sugar levels of a methiomne and cjstinc- 
dcficient rabbit fed a standard laborator 3 ’- diet and fresh lucerne 

modified by replacement of yeast by sjmthetic ntamms and by inclusion 
of 0 1 per cent ascorbic acid 

During 6 to 7 w eeks the blood glutathione fell from an ax erage mitial 
value of 38 to 18 to 23 mg per cent In one case the low enng x\ as hastened 
by ebrainatmg protein from the diet for 2 xveeks Intraperitoneal injec- 
tion of 1 gm per kilo of unc acid into these deficient animals caused an 
imtial hyperglycemia, lasting about 8 hours Ifter 24 hours the bloorl 
sugar lex'^els x\ ere at or below the control lex^el From the 24th to the 48th 

‘ Bruckmann, G , and Wertheimer, E , J Bio! Chem , 168, 241 (1947) 

' Hidv , P H , J Bw! Chem 163, 307 (19401 

’Haag J R andUnUit I D 7 \iilr 19, 503 (10 !0) 
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hour blood sugai slowly rose to hypeiglycemic levels (Fig 1, Cmve A) A 
standard laboiatorj’’ diet and fiesh alfalfa weie then fed to the animals 
They remained hypeiglycemic and glycosuiic foi the next 4 to 5 days 
Theieaftei noimal blood sugar levels weie legamed 
The same sequence of events followed intravenous injection of 200 mg 
pel kilo of alloxan monohydiate into noimal labbits on the standard diet 
(Curve B) 

The blood i educed glutathione of rabbits fed the deficient diet plus a 
supplement of 0 2 pei cent methionine lemained above 30 mg pei cent 
Injection of uiic acid into these animals induced an imtial hyperglycemia 
lasting about 4 horn’s but no piolonged secondaiy hyperglycemia developed 
(Curve C) Feeding of the standard diet and alfalfa to a deficient rabbit 
had no effect on blood sugar levels 

It IS -with pleasure that the writer acknowledges his indebtedness to Dr 
F W Clements for hrs advice on diets 

Australian Institute of Anatomy Mebvyn Griffiths 

Canberra, Australia 

Received foi publication, Decembei 0, 1947 



THE INHIBITORY ACTION OF IODIDE UPON ORGANIC 
BINDING OF IODINE BY THE NORMAL THYROID 

GLAND 


Sits 

The dramatic but paradoxical action of iodine m inhibiting thyroid 
activity in Graves’ disease has not as yet received a satisfactory explana- 
tion It has generally been assumed that this inhibitory effect occurs 
only in the hyperactive gland It is shovm here, however, that plasma 
iodine m large enough concentrations will block orgamc binding of iodide 
in the normal thyroid gland Thus tbswoid tissue is inhibited by iodine 
regardless of its state of activity 


Each thyroid value represents the average of five or six determinations on as 
many rats 


Interval after injection 



2 5 hr« I 

I S hrs. 1 

j 12 his. 

25 bra. ' 

50 bra 

Amount 
of Iin 
injected 

Total plasma 

IIJT 

Injected iodide 
organically 
bound by 
thyroid 

E 

"E 

Injected iodide 
Organically 
bound by 
thyroid 

Total plasma 
llH 

Injected iodide 
Organically 
bound by 
thyroid 

rt 

E 1 

8 

"c. 

Injected iodide 
organically 
bound by 
thyroid 

Total plasma 

IltT 

Injected iodide 
organically 
bound by 
thyioid 

R 

1 

yper i 
cent 1 

BBi 

yper 

cent 

t/i-i 

1 

yper 

cent 


yper 

cenl 

ylW 

mi 

v/i” 


4 9 


4 0 

wBm 



3 8 

3 1 

99 

2 0 


41 

0 19 

34 

119 



Ml 

3 8 


3 5 


59 1 

0 12 

46 



1 9 


3 4 

11 

4 9 


108 

1 

0 12 

1 

93 

la 

23 

0 24 

Bi 

6 1 

6 0 

6 8 


Rats were injected mtrapentoneally with either 10, 50, 100, or 200 y of 
iodine as ICI labeled with At the inten^als indicated m the table, blood 
was removed by heait punctuie from the five or slx rats of each group 
and their plasma pooled for duplicate analyses of total iodine * Thyroid 
glands were excised, weighed rapidly, and ground ivith 1 ml of cold 10 per 
cent trichloroacetic acid in an all-glass homogenizer The precipitate was 
then v ashed twice with 2 5 ml of 5 per cent tnchloroacetic acid and dis- 
solved in a minimal amount of 2 x NaOH Radioactn ity of the organic 
fraction (tnchloroacetic acid-msoluble) was measured with the aid of a 
Geiger-kluller counter The amount of I'"" orgamcall 3 ' bound vas ob- 

> Taurog, A , and Chaikoff, I L , J Btol Chem , 163, 313 (1916) 
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tamed b 3 ^ multipljang the numencal piopoition of the ladioactivity le- 
coveied in the oiganic fi action bj'- the numbei of miciogiams of injected 
As eaily as 2 5 houis, 2 y of iodide weie oiganically bound by the thyioid 
glands of the lats that had been injected witli the smallest amount of iodide, 
namelj^ 10 y In contiast, the lats that had leceived 50, 100, oi 200 y 
failed to bind oiganically significant amounts of the admmisteied iodide 
even as late as 5 houi s , ^ c , at a time when the 10 y gi oup had already bound 
appioximatelj 6 y of the admmisteied iodide The most stiikmg effect 
was seen m the 200 y gioup m which piacticallj’^ none of the injected iodide 
had been conveited to oiganic iodine as late as 12 houis aftei the injection 
Thus, duimg the eaily mteivals, the tlijuoids of lats that had leceived 
10 y of iodide mcorpoiated fai gieatei amounts into the organic fi action 
than did those that had available 5 to 20 times as much iodide 
The mhibitoiy action obseived heie is i elated to the level of plasma 
iodine, foi, when the lattei leached values intheneighboihood of 15 to 25 y 
pel cent, organically bound iodine lapidly appealed in the Ihjuoids (see 
the table) 

These findings as well as the in who effects lepoited eaihei- point diiectlj’’ 
to an mteifeience by excess iodide upon the mechanism lesponsible foi 
01 game binding of iodide Thoie appeals to be escape from this mhibition 
when the total plasma iodine diops to values neai 15 to 25 y per cent 

Division of Physiology J Wolff 

Umvcrsily of California Medical School I L Chaikoff 

Berkeley 

Received for publication, Januaiy 5, 1948 


- Morton, M E , ChaikolT, I L , and Rosenfeld, S , J Biol Chem , 164, 381 (1944 ) 




AN a-CELL HOIi:\IONE OF THE ISLETS OF 
LANGERHANS* 


Sirs 

A second hormone of the islets of Langerhans, elaborated the a-cells 
and acting antagonisticallj' to insulin , has long been suggested by (a) the 
manj' reports in the early msulin hteratiire of a prehmmarj’- h 5 T)erglycemic 
action of certain relatiiel 3 ’^ crude preparations of insulm protem,^ (b) the 
moie recent!}' recogmzed histological appearance of the a-cells, which ex- 
hibit the granulation charactenstic of endocnne function, (c) the reduction 
of the hj'pergtycemia, the development of ketosis, and the fatal tenmnation 
which foUow removal of the pancreas m the alloxan-diabetic dog,^ and (d) 
chmcal data m “diabetes mellitus” which cannot be reconciled with ab- 
solute hypoinsuhmsm 

In a search for active extracts of the suspected a-ceU hormone, we have 
exarmned the ph} siological properties of vanous pancreatic fractions in 
the course of separation of crystalhne zinc msulm® and have succeeded 
consistentlj' m obtaining preparations which cause hver glj'cogenoh'sis 
{in VIVO and in vitro) and hyperglycemia 

The supernatant solution from the first isoelectnc precipitation of m- 
sulm’ was concentrated 10-fold in lacxto at room temperature and the m- 
sulm inactivated bj' boding (20 minutes) at pH 9 5 to 9 7 (with rejection of 
the formed precipitate The table shows the effect of mtrapentoneal m- 
jection of the filtrate mto intact fed rats (2 ml (14 mg of mtrogen) per 
animal, each figure represents the average of seven ammals (glycogen) or 
four animals (sugar) , the controls were mjected with 2 ml of a 1 per cent 
solution of casern) 

The obsen'ed maximum differences are statistically significant and the 
above pattern has been reproduced manj' tunes with different strains 
of rats and with different pancreas extracts In efforts to punf}' the active 

* Communicated to the Canadian Phi siological Societi , October 25, 1947 

AVe are greath indebted to Dr D \ Scott and Dr A. Fisher, Connaught Labo- 
ratones, Toronto, for the generous pronsion of starting materials, and to Mr D 
Macfarlane for skilful assistance, in support of the ini estigation i\e gratefulli ac- 
knowledge the help of the Banting Research Foundation, the Associate Committee on 
Medical Research of the National Research Council, Ottawa, the Committee for Re- 
search in Endocnnologj of the Xational Research Council, Washington, and the 
Sugar Research Foundation 

* Burger, M , and Kramer, H , Arch Exp Path u Pharma! ol , 15G, 1 (1930) 

’Thorogood, E , and 7immermann, B , Endocrinology, 37, 191 (1945) 

’Romans, R G , Scott, D A , and Fisher, A M , Ind and Eng Chem , 32, 

90S (1940) 
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material, compaiable potency has been attained m pieparations contain- 
ing 2 mg of nitiogen pet lat dose Stoied without preservative at 4° and 
pH 9 5, cmde extracts lose considerable activity in 8 to 10 days, punfied 
preparations aie more labile (1 to 5 days) 



i Liver glycogen 1 

Blood sugar 


Control 

Experimental 

Control 

Experimental 

mtn 

gm ftr cent 

gm per cent 

mg per cent 

mg percent 

0 

3 78 

3 78 

106 

106 

20 

3 75 

2 55 

112 

162 

40 

3 13 

1 75 

105 

193 

60 

3 08 

1 22 

100 

160 

90 

2 65 

1 54 

105 

122 


Incubation (37°, 1 houi) of active extract with rat livei shces (Ringei- 
phosphate medium) mci eases oxygen consumption and releases 20 to 30 
per cent moie glucose than untieated controls Large doses fail to alter 
the blood pressure of the atiopimzed cat Similarly prepared extracts of 
muscle or hver could not be shown to affect Irver glycogen or blood sugar 
These control observations tend to preclude non-specific action, or media- 
tion through the adrenal or anterroi pituitary 
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Duggan and Luck, 205 

Fractionation, methanol and ultrafil- 
tration, Quigley, 713 

Vitamin A, vitamin A supplements, 
effect, Parrish, Wise, and Hughes, 


355 

Blood sugar Acetoacetate effect, Tid- 
well and Axelrod, 179 

Brain Hydrolecithin, isolation and iden- 
tification, Thannhauser and Bon- 
coddo, 135 

Sphingomyelin fatty acids, Thann- 
hauser and Boncoddo, 141 

Bryophyllum Leaf, isocitnc acid, piep- 
aration, Pucher, Abiahams, and 
Vickery, 579 


C 

Cabbage Leaves, phosphorus-contain- 
ing lipides, phospholipide-splitting 
enzyme, relation, Hanahan and 
Chaikoff, 191 

Calcified tissue Metabolism, calcium 
and phosphorus radioisotopes in 
study, Armsli ong and Barnum, 199 
Calcium Radioisotope, calcified tissue 
metabolism, use in study, Arm- 
strong and Barnum, 199 

Carbon Urea, source, Mackenzie and 
du Vigneaud, 353 


Casern Heat-processed, lysine, effect, 
Pader, Melnick, and Oser, 763 
Catalase Action, acceleration, Kreke 
and Maloney, 317 

Cell(s) Tissue, amino acids, amino acid 
ingestion, effect, Christensen, 
Stretcher, and Elbingei , 515 

Chloride (s) Blood, determination, lo- 
dometric. Stiff, 695 

Chloromycetin Isolation and character- 
ization, Bartz, 445 

Chlorophyll Protoporphyrin 9 as pre- 
cursor, Granick, 717 

Cholesterol Formation, r-cholesteryl 
methyl ether relation, McKennis, 

313 

Cholesteryl methyl ether i-, cholesterol 
formation, relation, McKennis, 

313 

Choline* Acetylase, Nachmansohn and 
B^eiss, 677 

— , citric acid effect, Nachmansohn and 
TFeiss, 677 

Citric acid Blood, deteimination, color- 
imetric, Wolcott and Boyer, 729 
— plasma, determination, colorimet- 
ric, Wolcott and Boyer, 729 

Choline acetylase, effect, Nachman- 
sohn and Weiss, 677 

Iso-, Bryophyllum leaf, preparation, 
Pucher, Abrahams, and Vickery, 

679 

Clostridium kluyveri Energy metabo- 
lism, fatty acid synthesis, relation, 
Bornstein and Barkei , 659 

Conalbumin Separation and character- 
ization, Bain and Deutsch, 547 
Copper Blood plasma, pyridoMne de- 
ficiency, effect, Cartimighl and Win- 
trobe, 557 

Com Steep liquor, ammo acids, de- 
teimination, microbiological. Car- 
dinal and Hcdiick, 609 

Corticosterone 11-Dehydro-, metabo- 
lites, Mason, 783 

Creatine Metabolism, isotopic nitrogen 
in study, Hoberman, Sims, and 
Peters, 45 

Creatmine Metabolism, isotopic nitro- 
gen in study, Hobetman, Sims, and 
Peters, 45 
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Cyanide Cjtocbrome oxidase, effect, 
in iilTo, Slannard and Horccler, 

599 

Cyclophorase System, Green, Loomis, 
and Auerbach, 389 

— , pyruvic acid oxidation to carbon 
dioxide and water, relation. Green, 
Loomis, and 4.uerbach, 389 

Cytochemistry Tissue, Hogeboom, 
Schneider, and Pallade, 619 

Cytochrome c-azide complex, Horeeker 
and Slannard, 589 

c, liver fractions, Schneider, Claude, 
and Hogeboom, 451 

Oxidase, azide effect, in iitro, Slan- 
nard and Horeeker, 599 

— , cyanide effect, in rilro, Slannard 
and Horeef er, 599 

D 

Dehydrocorticosterone 11 , metabo 
htos. Mason, 783 

Dehydroisoandrosterone A'-Andros- 
tene-3(d),17(cif)-diol isolation, liver 
relation, Schneider and Mason, 771 
A® - Androstene -3(d),16(j3),17(a)-triol 
isolation, liver relation, Schneider 
and Mason, 771 

Diabetes Unc acid, Griffilhs, 853 
Dihydroxyphenylalanme Oxidation, ty- 
rosinase, mechanism. Mason, 83 
Drosophila Groii th, nucleic acid effect, 
Villeeand Bissell, 59 

E 

Electrolyte (s) A’erve-fibers, penetra- 
tion, Rolhenberg and Feld, 345 
Enzyme (s) Hyaluronic acid hy drolysis, 
kinetics, Dorfman, 377 

Liver protein and, inanition effect. 
Miller, 113 

Pantothenic acid determination, use, 
Buskirf , Bergdahl, and Dclor, 671 
Phosphate transfer, mechanism, Axel- 
rod, 1 

Phospholipide-splitting, cabbage 
leaves, phosphorus-containing lip- 
ides, relation, Hanahan and Chail off, 

191 


Enzyme(s ) — continued 
Polysaccharide degradation, Suanson, 

805 

Pteroy Iglutamic acid transformation, 
relation, Kalcl ar and Klenow, 351 
Riboflavin deternunation, fluoromet- 
ric, use. Walls, Peng, and Essel- 
baugh, 707 

Urea synthesis, steps, Cohen and 
Hayano, 405 

See also Acetylase, Catalase, Cyclo- 
phorase, Esterase, Hy aluronidase. 
Oxidase, Phosphatase, Phosphory- 
lase, Succinoxidase, Trvpsin, Tyro- 
sinase 

Erythrocyte See Blood cell, red 
Eryx thebaicus See Snake 
Esterase Trypsin, Schwerl, Neuralh, 
Kaufman, and Snoke, 221 

Estradiol 16-Keto-o-, Huffman and 
Lott, 325 

Estrone 16-Keto , Huffman and Loll, 

325 

Ethereal sulfate (s) Unne, determina- 
tion, turbidimetnc, Sperber, 441 
Extracellular fluid Amino acids, ammo 
acid ingestion, effect, Christensen, 
Slreicher, and Elbinger, 515 

F 

Fat(s) Transport, intestine, phospholip- 
ide relation, Zilversmil, Chail off, 
and Entenman, 637 

Fatty acid(s) Bram sphingomyelin, 
Thannhauser and Boncoddo, 141 
Oxidase system, liver, intracellular 
structures, relation, Kennedy and 
Lehninger, 847 

Spleen sphingomyelin, Thannhauser 
and Boncoddo, 141 

Synthesis, Clostridium Iluyvcri energy 
metabolism, relation, Bornslein and 
Bari er, 659 

Feces Plutomum determination. Max- 
well, Fryxcll, and Langham, 185 
Folic acid Punnes, relation, Rogers and 
Shiie, 751 

Thymine, relation, Rogers and Shite, 

751 
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Food(s) Histidine determination, mi- 
crobiological, Horn, Jones, and 
Blum, 149 

Fungus Pyridinium halides, substituted 
and unsubstituted, chemical con- 
stitution and, relation, LoCiccro, 
Frear, and Millm , 689 

G 

Globulin (s) Accelerator, blood plasma. 
Ware and Seegers , 699 

/3-Lacto-, seed, isoleucine, Snnlh and 
Greene, 111 

Seed, isoleucine, Smilh and Greene, 

111 

Glutamic acid Derivatives, strepogemn 
activity, Woolley, 71 

Metabolism, Lactobacillus arabinosus, 
bicarbonate r61e, Waelsch, Piescotl, 
and Borek, 343 

Pteroyl- See Pteroylglutamic acid 
Glutamine Liver, ascorbic acid de- 
ficiency, effect, Christensen and 
Lynch, 107 

Muscle, ascorbic acid deficiency, effect, 
Cln islensen and Lynch, 107 

Glycme 5(4) - Ammo - 4(5) - imidazolc- 
carbo\amide precursor. Ravel, 
Eakin, and Shive, 67 

Muscle, ascorbic acid deficiency", effect, 
Christensen and Lynch, 107 

Glycogenolysis Liver, insulin effect, 
Sutherland and Con, 737 

Gramicidin Counter-current distribu- 
tion, Gregoi y and Ci aig, 839 

Growth Biochemical transformations, 
Rogers and Slave, 751 

Drosophila, nucleic acid effect, Villee 
and Bissell, 59 

Neurospora, purine-deficient, guanine 
effect, Loring and Fairley, 843 

Guanme Adenine as precursor. Brown, 
Roll, Plentl, and Cavalieri, 469 

Neurospora, purine-deficient, growth, 
effect, Loring and Fairley, 843 

H 

Histidine Foods, determination, micro- 
biological, Horn, Jones, and Blum, 

149 


Histidine — continued 
Pioteins, determination, microbiolog- 
ical, Horn, Jones, and Blum, 140 
Homoserine Neurospora methionine 
piecursor. Teas, Hoioivitz, and 
Fling, 651 

—'threonine precursor. Teas, Howiintz, 
and Fling, 651 

Hormone or-Cell, Langerhans’ islands. 
Heard, Lozinski, Stewart, and 
Stewart, 857 

Hyaluronic acid Hydrolysis, enzymatic, 
kinetics, Dorfman, 377 

Hyaluronidase Determination, turbidi- 
metric, Dorfman and Ott, 367 

Hydrolecithin Brain, isolation and iden- 
tification, Thannhausei and Bon- 
coddo, 135 

Spleen, isolation and identification, 
Thannhauser and Boncoddo,^ 135 

I 

Inanition Liver protein and enzymes, 
felation. Miller, 113 

Insulm Liver glycogenolysis, effect, 
Suthei land and Coi i , 737 

Muscle pyruvate utilization, effect, 
Stadie, Haugaard, and Peilmuttei, 

567 

Intestme Fat transport, phospholipide 
relation, Zilversmit, ChaiKoff, and 
Entenman, 637 

Iodine Binding, thyroid gland, iodide 
effect, Wolff and Ghaikoff, 855 
Color, polysaccharides, chemical con- 
stitution, relation, Swanson, 825 
Iron Blood plasma, pyndoxine defi- 
ciency, effect, Cartwnght and Win- 
trobe, 557 

Isocitric acid Bryophylluni leaf, prep- 
aration, Pucker, Abrahams, and 
Vickery, 579 

Isoleucine Seed globulins and /S-lac- 
toglobulin. Smith and Greene, 111 

K 

Keto-a-estradiol 16-, Huffman and Loti, 

325 

Ketoestrone 16-, Huffman and Lott, 

325 
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Ketosteroid(s) Unnc, fractionation, 
Dohrincr, Licberman, Rhoads, Tones, 
Wilhams, and Barnes, 297 

— , identification and characterization, 
Lteberman, Dobnner, Hill, Fieser, 
and Rhoads, 263 

L 

Lactobacillus arabmosus Glutamic acid 
metabolism, bicarbonate role, 
Waelsch, Prescott, and Borel , 343 

Metabolism, biotin relation, Potter 
and nivehjem, 531 

Lactoglobulm seed, isolcucine. 

Smith and Greene, 111 

Langerhans Islands See Pancreas 
Lecithm Dipalmit\l Sec Hydroleci- 
thin 

Hydro-, brain and spleen, isolation 
and identification, Thannhanser and 
Boncoddo, 135 

Leucine Iso-, seed globulins and /?- 
lactoglobulm. Smith and Greene, 

111 

Lipide(s) Phospho- See Phospholipide 
Phosphorus-containing, cabbage leaves, 
phospholipide splitting enzjme, re- 
lation, Hanahan and Chailoff, 

191 

Liver A‘-Midrostene 3(fi), 17(apdiol 
and A* - androstene -3(/3), 1603), 17- 
(a) - triol isolation, dehydroisoan- 
drosterone and, relation, Schneider 
and Mason, 771 

Cytochrome c distribution, Schneider, 
Claude, and Hogeboom, 451 

Lnzj nics, inanition effect. Miller, 113 
Patty acid oxidase sj stem, intracellular 
structures, relation, Kennedy and 
Lehninger, 847 

Glutamine, ascorbic acid deficiencj, 
cRcct, Christensen and Lynch , 107 

Gljcogenoljsis, insulin effect, Suther- 
land and Con, 737 

Mitochondria, isolation, Hogeboom, 
Schneider, and Ballade, 619 

Protein, enzi-mes and, inanition effect, 
Hitler, 113 

Succinoxidase distribution, Schneider, 
Claude, and Hogeboom, 451 


Liver — continued 

Vitamin A, vitamin A supplements, 
effect, Parrish, Wise, and Hughes, 

335 

Lysine Casein, heat-processed, effect, 
Padcr,MelnicL,andOser, 763 

M 

Magnesium Antinvasin, effect, Baum- 
berger and Fned, 347 

Melanm Chemistry, Mason, 83 

Methanol Blood serum fractionation, 
use, Quigley, 713 

Methionme Neurospora, homosenne as 
precursor. Teas, Horowitz, and 
Fling, 651 

Microorganism (s) Ammo acid deter- 
mination, medium, Henderson and 
Snell, 15 

Milk Pteroylglutamic acid, Kalchar and 
Klenow, 349 

Xanthopterin oxidase, Kalclar and 
Klenow, 349 

Mitochondria Biochemical properties, 
Hogeboom, Schneider, and Pallade, 

619 

Lixer, isolation, Hogeboom, Schneider, 
and Pallade, 619 

Mold See also Neurospora 
Molybdenum Kutrition, effect, Nei- 
lands. Strong, and Ehehjem, 431 
Muscle D 3 strqphj , muscle respiration, 
tocopherol phophate effect, Hummel 
t and Basinski, 417 

— , nutntional, phosphorylation, oxi- 
dative, Hummel, 421 

Glutamine, ascorbic acid deficiency, 
effect, Chnstensen and Lrynch, 

107 

Ghcine, ascorbic acid deficiencj, 
effect, Chnstensen and Lynch, 

107 

PJru^ate utilization, insulin effect, 
Stadic, Haugaard, and Perlmutter, 

567 

Respiration, muscle djstrophj, toco- 
pherol phosphate effect, Hummel and 
Basinskt, 417 

Thiouracil determination, biochemical, 
dietary thiouracil, effect, FranlUn, 
Bochne, and JuJ es, 123 
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N 

Nerve-fiber (s) Electrolyte penetiation, 
Roihenbeig and Feld, 345 

Neurospora Methionine, homoseiine as 
precursor, Teas, Hoiowiiz, anrf 
Fling, C51 

Mutant, pynmidineless, oiotic acid 
accumulation, Mitchell, Honlahan, 
and Nyc, 525 

Purine-deficient, giowth, guanine ef- 
fect, Lonng and Fairley, 843 
Threonine, honiosenne as piecuisoi, 
Teas, Ho)owitz, and Fling, 651 
Nicotinic acid Metabolism, compar- 
ative, Sclmeigeil and Peat son, 485 
Urine, determination, sugar presence, 
Baneijec, Ghosh, and Bhaitachat ya, 

495 

Nitrogen Isotopic, cicatiiie and cre- 
atinine metabolism, use in study, 


Hobetman, Sims, and Pclcis, 45 
Nitrogenous constituent (s) Eiyx thc- 
baicus urine, Khalil, 105 

Zamenis diadema urine, Khalil, 101 
Nucleic acld(s) Diosophila growth, 
effect, Villce and Bissell, 59 

Synthesis, adenine relation, Biown, 
Roll, Plentl, and Cavalicri, 469 


O 

Orotic acid Neurospora pyi tmidinelcss 
mutant, accumulation, ^[ltchell, 
Houlahan,and Nyc, 525 

Oxidase Cytochrome, azide effect, in 
intro, Stannard and Hoiccket, 599 
— , cyanide effect, in vitro, Stannaid 
and Horeclet , 599 

Fatty acids, system, liver, intracellular 
structures, relation, Kennedy and 
Lehninger, 847 

Succin-, liver fractions, Schneidei , 
Claude, and Hogeboom, 451 

Xanthopterin, milk, Kalckar and 
Ktenow, 349 


P 

Pancreas Langerhans’ islands, o'-cell 
hormone, Heard, Lozinski, Stewart, 
and Stewart, 857 


Pantothenic acid \cetylation, defi- 
ciency, effect, Riggs and Hegsted, 

539 

Deteiniinntion, miciobiological, en- 
zyme, Buskirk, Bcigdahl, and 
Dclor, 671 

Phosphatase Suckling pigs. Young and 
Undetdahl, 759 

Phosphate (s) Transfer, enzymatic, 
mechanism, Axelrod, 1 

Phospholiplde(s) Fat transport, in- 
testine, relation, Zilversmit, Chai- 
koff, and Entenman, 637 

-Splitting enzyme, cabbage leaves, 
phosphorus-containing lipides, re- 
lation, Hanahan and Chaikoff, 

191 


Phosphorus -Containing lipides, cab- 
bage leaves, phosphohpide-splitting 
enzjmie, relation, Hanahan and 
Chaikoff, 191 

Padioisotope, calcified tissue metab- 
olism, use in studj', Armstrong and 
Barnuin, 199 

Phosphorylase Activation, polysac- 
charides, chemical constitution, rela- 
tion, Swanson and Con, 815 

Phosphorylation Ovidativc, muscle 
dystrophy, nutritional, relation, 
Hummel, 421 

Plutonium Feces, determination, Max- 
well, Fnjxell, and Langham, 185 


Polysaccharide (s) Chemical 
tion, Swanson and Con, 
Swanson, 

Swanson and Con , 
Swanson, 

Degradation, enzymatic. 


constitu 
797 
SO' 
81/ 
825 
Swanson 
80 

Iodine color and chemical consti 
tution, relation, Swanson, 821 
Phosphorylase, activation and chemical 
constitution, relation, Swanson and 
Con, 81'' 

Starch-like, acid hydrolysis, Swanso,' 
and Con, 7”, 

Tamarind seed, isolation and character 
ization, Savur and Srcenivasan, 60 
Pork Riboflavin determination, fluoro 
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Pork — continued 

metric, enziTne use, Walls, Peng, 
and Esselbaugh, 707 

Porphyrm Proto , blood cell, red, deter- 
mination, microspectrophotometnc, 
Grinslein and Winlrobe, 459 

— , , — , pj ndoxine dcficiencj , 

eEfect, Carlu right andWtnlrobe, 557 
— , 9, chlorophjll precursor, Granicl, 

717 

Pregnane - (a), 20 - diol - 11 - one 
ll-Dehydrocorticosterone metab- 
olite, Mason, 783 

Protein (s) Histidine determination, 
microbiological, Horn, Tones, and 
Blum, 149 

Liver, enzvmes and, inanition effect. 
Miller, 113 

Protoporphyrm Blood cell, red, deter- 
mination, microspectrophotometnc, 
Grinslein and Winlrobe, 459 

, — , PJ ndo\ine deficienc\ , effect, 

Cartwright and Winlrobe, 557 

9, chlorophjll precursor, Granicl, 

717 

Pteroylglutamic acid Milk, Kalcl ar and 
Klenow, 349 

Scurvy, tjirosme metabolism. Woodruff 
and Darby, 851 

Transformation, enzimatic, Kalckar 
and Klenow, 351 

Purme(s) -Deficient Neurospora, 
growth, guanine effect, Loring and 
Fairley, 843 

Folic acid, relation, Rogers and Shive, 

751 

'■Pyridmium Halides, substituted and 
' unsubstituted, chemical constitu- 

tion and fungicidal action, relation, 
LoCicero, Frear, and Miller, 6S9 
PjTidoxme Blood cell, red, protopor- 
' phynn, deficiencj effect, Carlwnghl 

and Winlrobe, 557 

— plasma copper and iron, deficiencj 
effect, Cartwright and Winlrobe, 

557 

Pyrimidme -Deficient Neurospora mu- 
' tant, orotic acid accumulation, 

* Mitchell, Houlahan, and Nyc, 525 

Pjrruvate Muscle, utilization, insulin 


Pyruvate — continued 

effect, Sladie, Haugaard, and Perl- 
mutter, 567 

Pyruvic acid Oxidation to carbon 
dioxide and water, cjclophorase 
relation. Green, Loomis, and Auer- 
bach, 389 

R 

Reptile (s) Excretion, Khalil, 101, 105 
Retma Vitanun A formation, mecha- 
nism, Bliss, 165 

Riboflavm Pork, determination, fluoro- 
metnc, enzjone use. Watts, Peng, 
and Esselbaugh, 707 

S 

Scurvy Tjnusine metabolism, pteroyl- 
glutamic acid effect. Woodruff and 
Darby, 851 

Seed(s) Globulins, isoleucine, Smith 
and Greene, 111 

d-Lactoglobulin, isoleucine. Smith and 
Greene, 111 

Tamannd, poljsacchande, isolation 
and cbaractenzation, Satur and 
Sreennasan, 501 

Serme Homo- See Homosenne 
Snake Eryx thebaiciis, unne nitroge- 
nous constituents, Khalil, 105 
Zamenis diadema, unne nitrogenous 
constituents, Khalil, 101 

Sodium hyaluronate Electron micro- 
scope analysis, Gross, 511 

Sodium selenate Tissue, metabolism, 
Rosenfeld and Beath, 333 

Sodium selenite Tissue, metabolism, 
Rosenfeld and Beath, 333 

Sphmgomyelm Brain, fatty acids, 
Thannhauser and Boncoddo, 141 
Sphingosines, Thannhauser and Bon- 
coddo, 141 

Spleen, fattx acids, Thannhauser and 
Boncoddo, 141 

Sphmgosme(s) Sphingomyelin, Thann- 
hauser and Boncoddo, 141 

Spleen H\ drolecithin, isolation and 
identification, Thannhauser and 
Boncoddo, 135 
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Spleen — continued 

Sphingomyelin fatty acids, Thann- 
hauser and Boncoddo, 141 

Starch -Like polysaccharides, acid hy- 
drolysis, Swansoii and Con, 797 
Steroid (s) Keto- See Ketosteroids 
Metabolism, Dobtiner, Liebennan, and 
Rhoads, 241 

Liebennan, Dobnner, Hill, Fieser, 
and Rhoads, 263 

Dobrinei , Liebennan , Rhoads, Jones, 
Williams, and Barnes, 297 

— , intermediary, Schneider and 

Mason, 771 

Neutral, urine, isolation and deter- 
mination, Dobnner, Liebennan, and 
Rhoads, 241 

16-Substituted, Huffman and Lott, 

325, 789 

Strepogenm Glutamic acid derivatives, 
activity, Woolley, 71 

Streptomycin Bacteriostatic action, uiea 
effect, Fitzgeiald and Bcrnheini, 

845 

Succmoxidase Liver fractions, Schnei- 
der, Claude, and Hogeboom, 451 
Sugar (s) Blood Sec Blood sugar 
Sulfate(s) Ethereal, unne, deteiinin- 
ation, turbidiinetiic, Speiber, 441 

T 

Tamarind Seed polj saccharide, isola- 
tion and characterization, Savui and 
Sreenivasan, 501 

Thiouracil Muscle, determination, bio- 
chemical, dietary thiouracil, effect, 
Franklin, Boehne, and Jules, 123 
Threonme Neurospoia, homoserine as 
precursor. Teas, Hoiowiiz, and 
Fling, 651 

Thymine Folic acid, relation, Rogers 
and Shivo, 751 

Thyroid Iodine binding, iodide effect, 
Wolff and Chaikoff, 855 

Tissue (s) Cytochemistry, Hogeboom, 
Schneider, and Ballade, 619 

Tocopherol Phosphate, muscle respi- 
ration, muscle dystrophy, effect, 
Hummel and Basi nski, 417 


Trypsm Esterase, Schucit, Ncuralh, 
Kaufman, and Snole, 221 

Tryptophan Acetyl-, utilization, Al- 
bancse. Dams, and Lein, 39 

Metabolism, comparative, Schueigert 
and Pearson, 485 

Utilization, Albancse, Davis, and Lem, 

39 

Tyrosmase Dihydroxy^pheiiylalaiiine 
oxidation, mechanism. Mason, 83 
Tyrosme Metabolism, scurvy, pteroyl- 
glutamic acid effect. Woodruff and 
Darby, 851 

U 

Urea Blood seium albumin, organic 
anions, combination, dcnaturation 
effect, Duggan and Luck, 205 

Carbon, source, Mackenzie and du 
Vigneaud, 353 

Streptomycin, bacteriostatic action, 
effect, Fitzgerald and Bcrnheim, 

845 

Synthesis, enzymatic steps, Cohen and 
Hayano, 405 

Uric acid Diabetes, Giiffiths, 863 

Unne Amino acids, Woodson, Hier, 
Solomon, and Bergeim, 613 

Androstenetriol, synthesis, partial, 
Huffman and Lott, 789 

Ethereal sulfates, determination, tur- 
bidimetric, Sperber, 441 

Ketosteroids, fractionation, Dohnnei, 
Liebennan, Rhoads, Jones, Williams, 
and Baines, 297 

— , identification and characterization, 
Liebennan, Dobnner, Hill, Ficscr, 
and Rhoads, 263 

Nicotinic acid, determination, sugai 
piesence, Baneijce, Ghosh, and Bhal- 
iachai ya, 495 

Nitrogenous constituents, Eiyx thc- 
bmevs, Khalil, 105 

— Zamems diadcma, Khalil, 101 
Steroids, neutral, isolation and deter- 
mination, Dobnner, Liebennan, and 
Rhoads, 241 

Uronic acid(s) Hyal- See Hyaluronic 
acid 




